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Abstract 
 
 
 
Archaeologists do not consistently test the mineralogy of archaeological bivalve shells before 
conducting isotope analysis for paleoenvironmental reconstruction.  This is a problem because if biogenic 
aragonite is heated, or cooked, it can recrystallize into calcite, and can become depleted of its heavy 
oxygen and carbon isotopes. Oxygen isotope ratios are recorded in the growth rings of bivalve shells as 
they grow, and reflect the temperature conditions of the ambient ocean water. Thus, ancient bivalve shells 
are used to reconstruct paleoenvironments. I have conducted an experiment to demonstrate the importance 
of testing the mineralogy of archaeological shells before isotope analysis. I collected modern specimens 
of four different bivalve taxa and separated them into left and right valves. I heated the left valves in an 
oven at three controlled temperatures, and I retained the right valves as unheated controls. I conducted 
mineralogy and isotope analysis on all valves and compared the left and rights of each individual. I found 
that valves heated to about 400˚C for one hour had recrystallized into calcite and had significantly altered 
oxygen isotope ratios. This happened before the shell appeared charred. I also conducted mineralogy 
testing on seven archaeological shell fragments from the Tse-Whit-Zen Village Site (45CA523). Of the 
seven archaeological specimens, one was entirely calcite, and two had traces of calcite in them. The two 
fragments containing minor amounts of calcite did not show any visible signs that they were altered or 
otherwise different from fragments that were entirely aragonite. It is unlikely that archaeologists will 
know if shells are heated unless mineralogy testing is conducted.   
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Chapter 1: Introduction 
 
 
Archaeologists do not consistently test the mineralogy of preserved marine bivalve shells before 
analyzing the isotopic composition for paleoenvironmental reconstruction. This is a problem because 
aragonite clam shells with any amount of calcite in them may have undergone enough recrystallization to 
change the ratios of oxygen and carbon isotopes, which are often correlated with climate conditions and 
sea-surface temperatures. According to ethnographic information, clams were sometimes cooked in their 
shells, which can cause the recrystallization to occur. Archaeologists may not consider the prevalence of 
heated shell in archaeological shell middens if the shells do not appear charred, or burnt. In this thesis I 
address the mechanics behind shell recrystallization and how they apply to archaeology, and the 
occurrence of recrystallized shell in archaeological deposits.  
The calcareous shell of marine invertebrates is the most commonly preserved organic part of the 
fossil assemblage (Chateigner et al. 2000). Archaeologists have access to shells from coastal sites all over 
the world for the extent of human history. These preserved shells act as proxies for past climates and sea-
surface temperatures fluctuations over the last few thousand years. Through analyses of ancient midden 
shells, archaeologists contribute to the paleoenvironmental record, which can be contrasted with present 
climate conditions. In Northwest Coast archaeology Saxidomus (butter clam) and Leukoma (little-neck 
clam) are the genera from which paleoclimate data is commonly measured. The ratios of 16O to 18O (δ18O) 
were correlated with sea surface temperature (SST) and the isotopic composition of the source water by 
Emiliani Cesare in 1955. The values of oxygen isotopes are subject to seasonal fluctuation, as colder 
ocean water tends to contain a lower δ18O than in warmer months. These seasonal fluctuations of oxygen 
isotopes are then recorded in the calcium carbonate shells of marine invertebrates. The ratios of 12C to 13C 
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(δ13C) were once thought to be correlated with water salinity (Ingram et al. 1996), but studies have shown 
that this correlation is inconsistent (Culleton et al. 2009). Shells preserved in a cultural context are 
valuable to researchers because they may also be associated with radiocarbon dates, giving a temporal 
provenience to the isotope data.  
However, these paleoenvironmental interpretations are based on the assumption or inference that the 
shell mineralogy is primary or chemically unaltered since the invertebrate precipitated it. Aragonite and 
calcite are two distinct minerals made up of calcium carbonate, both of which occur in shells of marine 
invertebrates. Many of the shells that have been used for isotope testing, for example Venerupid clams, 
are mineralogically composed of biogenic aragonite. When aragonite is heated it has the potential to 
recrystallize into calcite. When this transformation occurs the heavy oxygen isotopes (18O) in the shell are 
exchanged for 16O in atmospheric H2O and CO2 (Andrus and Crowe 2002), rendering recrystallized shells 
unsuitable for isotope analysis.  
Geologists also use marine shells for paleoenvironmental reconstruction, and regularly assess the 
potential for diagenetic processes altering the isotope signature. This change happens naturally over a 
period of time. Some geologists have done experimental work to examine how heat plays a part in 
changing the isotopic signature, like Andrus and Crowe in 2002. However, many researchers have not 
distinguished between biogenic aragonite and geologic aragonite (Pokroy, Fieramosca, Von Dreele, Fitch, 
Caspi and Zolotoyabko 2007), including archaeologists. Biogenic aragonite, like that of invertebrate 
shells, recrystallizes at lower temperatures than geologic aragonite. Unsuspecting archaeologists may not 
test the mineralogy of the shells they analyze for paleoclimate information because they might expect 
heated shells to look burned, or to have degraded long before excavation. It is possible that the isotope 
signatures of recrystallized shell are contributing inaccurate information to the paleoenvironmental 
record. Because cooking the shells was a common preparation technique according to ethnographic 
accounts, it is possible that a large portion of aragonite bivalve shells that preserve in shell middens have 
been subjected to a degree of heating. As demonstrated by Fred T. Andrus and Douglas Crowe (2002), 
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some cooking methods, such as boiling and indirect roasting do not recrystallize biogenic aragonite fish 
otoliths, and a direct roasting technique that did lead to recrystallization left the otoliths obviously 
charred. Bivalves are not protected by a layer of flesh as otoliths are, and therefore may be more 
vulnerable to some prehistoric cooking methods. The microstructure of shells also varies by genus, which 
means that there may not be one universal recrystallization temperature for all biogenic aragonite bivalve 
shells. 
I designed an experiment to test the recrystallization temperatures of four taxa that are frequently 
found in Northwest Coast shell middens. Archaeological specimens of two of these taxa, Saxidomus 
gigantea and Leukoma staminea are also commonly used to reconstruct paleoenvironments. I heated these 
shells to temperatures near the known recrystallization temperature for biogenic aragonite, in order to 
analyze their changes in weights, color, mineralogy, and oxygen and carbon isotope values. I also 
examine the mineralogy of Leukoma staminea shells from the Tse-Whit-Zen village site (45CA523), to 
test the possibility of recrystallized shells surviving in a shell midden and being used for isotope analysis. 
As part of a larger, National Science Foundation funded, project Dr. Sarah Campbell has been analyzing 
the shellfish remains from the site. As I was assisting her with shellfish identifications, we noticed 
evidence that the shells had been altered. Many of them had an orange colored coating, and some were 
stuck together. We thought this might be evidence of burning, so I conducted a chemical analysis on 
seven shell fragments, and also examined their mineralogy with X-ray Diffraction.  
In the second chapter I discuss the previous research that has been conducted on the recrystallization 
of biogenic aragonite from an archaeological perspective, as well as the history of the Tse-Whit-Zen 
Village site (45CA523), from which I have conducted an analysis of archaeological shell specimens. In 
Chapter 3, I describe the methods I have used to conduct both my experimental research on modern 
shellfish specimens, and analysis of archaeological shells. I outline and discuss the results of my research 
in Chapter 4. This includes a description of the result of heating, isotope testing, and mineralogical and 
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chemical analysis of the shell specimens. I will conclude with the outcomes and significance of my 
research in Chapter 5.  
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Chapter 2: Northwest Coast Archaeology and Shell Midden Chemistry 
 
 
Archaeological shell midden sites have been documented on coastlines around the world. They are of 
interest to archaeologists, ecologists, and geologists because of the prehistoric cultural materials that 
become preserved within their stratigraphy. These materials can hold clues about what prehistoric people 
were eating, the availability of marine resources, human settlement patterns, trade patterns, and seasonal 
and long term climate change (Claasen 1998). Prehistoric people exploited a diverse range of marine 
invertebrate species for consumption, tool use, and ornamentation. Along the North American Northwest 
Coast, several taxa of marine shellfish are preserved in coastal middens, including clams, mussels, 
barnacles, cockles, oysters, chitons and limpets (Ames and Maschner 1999; Moss 1993).  
A shell midden is, in general terms, an artificial accumulation of freshwater or marine invertebrate 
shell. The word “midden” is derived from Scandinavian languages, and specifically means “accumulation 
of refuse about a dwelling place” (Stein 1992). The term “shell midden” is a misnomer, as shellfish 
remains are commonly found outside dwellings, on house floors, and scattered about the site, but in 
archaeology it is an accepted term to describe a shell-bearing site (Andrus 2011; Muckle 1985; Stein 
1992). Shell middens also contain more than just shell, preserved bone is often found, as well as artifacts. 
Shell middens vary in size and complexity, and often exhibit complex anthropogenic microstratigraphy. 
Once the shells are deposited on the ground, they become part of the soil, and have an impact on the soil 
characteristics. Shell middens are very porous and permeable. They also increase the alkalinity of the soil 
around the area that they are deposited, and within the matrix itself, which leads to the creation of an 
environment that preserves bone very well. This environment, however, is not as conducive to the 
preservation of plant material (Ames and Maschner 1999; Stein 1992).  
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On the Northwest Coast the antiquity of shell middens appears to only extend to about 5,000 years 
ago. The older Holocene sites of this area do not contain preserved shell. It is possible that prehistoric 
people were using shell, and disposing of them about the shorelines, but rising shorelines may have 
destroyed any evidence of such sites. Alternatively, older shell midden sites may also have been 
victimized by geomorphic changes to the landscape, and may be buried under alluvial sediments. Shells 
in the lower, older stratigraphic layers of a shell midden may also be subjected to frequent ground water 
inundations, and could dissolve and have their particles transported away from the midden site (Ford 
1992; Lombardo et al. 2008; Martindale et al. 2009). 
Although shell midden sites on the Northwest Coast date to the Late Holocene, valuable information 
about how coastal people lived in that time period are preserved in shell middens. Between the actual 
shells themselves, and the material that survives in the uniquely alkaline preservation environment, 
archaeologists can obtain vast amounts of information about past peoples, and the paleoenvironment in 
which they lived. The calcareous invertebrate taxa that appear, within the midden, hold information about 
paleoclimate change. The occurrence of marine invertebrate taxa that prefer warm water temperatures, 
cold water temperatures, or the presence of both within the midden stratigraphy can give archaeologists 
an idea of the relative change in climates over the lifespan of the midden. The mineralogy of certain 
marine invertebrate taxa can also give an indication of sea-temperature change. The ratios of aragonite to 
calcite in taxa that incorporate both into their shells, like mussels, can change according to water 
temperatures (Claasen 1998). Increasing ratios of aragonite are associated with increasing sea surface 
temperatures (Lowenstam 1954).   
The oxygen isotope values contained within marine invertebrate’s growth rings can change 
seasonally, reflecting the seasonal change in sea surface temperatures (SST). With this information, 
archaeologists can reconstruct seasonal and long-term environmental changes.  
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2.1 Tse-Whit-Zen Village Site (45CA523) 
 
The Tse-Whit-Zen Village Site (45CA523), located in Port Angeles, Washington, is a shell 
midden site from which archaeologists are obtaining paleoenvironmental data, and analyzing how human 
subsistence patterns have changed in response to climate events. In an ongoing research project funded by 
the National Science Foundation, archaeologists Dr. Sarah Campbell, Dr. Mike Etnier, Dr. Virginia 
Butler, Dr. Sarah Sterling, and Dr. Kristine Bovy are analyzing faunal remains from three house 
structures of the site. The goal is to investigate the records of shellfish, birds, mammals, and fish within 
and between households to understand how animal resources were utilized differentially among a socially 
stratified society. While I was an undergraduate student working on the shellfish analysis as part of Dr. 
Sarah Campbell’s project, we noticed evidence of what we thought might be burning of the shells. I 
decided to analyze some of the shell fragments from this site in order to understand more about 
recrystallized shell in shell midden sites. 
The Tse-Whit-Zen Village Site (45CA523) spans the last 2,000 years, which includes such 
climatic events as the Little Ice Age and the Medieval Climatic Anomaly. The site is also located between 
the Cascadia Subduction Zone, which is where the Juan de Fuca Plate is undergoing subduction under the 
North American Plate, and the volcanic Cascade Range, which have formed as a result of this subduction. 
This means that the site has been at risk for multiple high-magnitude seismic events, and even changes in 
geomorphology of the coastline on which it is located (Collaborative Research 2014). The project 
researchers are investigating changes in subsistence strategies and resource availabilities associated with 
these types of events. 
 The site is located at the base of Ediz Hook in Port Angeles, Washington (Figure 2.1).  
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Figure 2.1 Location of the Port Angeles and the Tse-Whit-Zen Site (45CA523), adapted from 
(Kaehler and Trudel 2006).  
 
Ediz Hook is a sand spit that began to form over 9,000 years ago, before the stabilization of 
regional sea level to its present condition, about 5,000 years ago. As the spit grew, it provided stability to 
the coastline, which was ideal for human settlement (Sterling et al. 2006). The site has a known historical 
component. From 1858 to 1911, the land that is now the Tse-Whit-Zen Village Site had been used for 
agriculture, and from 1912 it became and industrial site. In 1860 a settler named Alexander Sampson 
began growing wheat on a 320 acre clam at the base of Ediz Hook. By 1892 Sampson’s share of land had 
been reduced to 40 acres. According to Ethnographer Erna Gunther, Sampson initially built his home and 
barn near the burial grounds of local Native people, but when his claim was reduced to 40 acres, the 
burial ground was no longer part of his property. Once the land became in use by Puget Sound Mills and 
Timber Company in 1912, hundreds of bones were disturbed as the ground was excavated for pilings, 
although this occurred outside the initially estimated area of potential effect (APE), and the 40-acre claim. 
The Puget Sound Mills and Timber Company was demolished in 1939 or 1940, and the land was used for 
other saw mills, timber production, shipbuilding, and lumber storage (Kaehler and Trudel 2006).  
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The recent history of this site is complex, and is addressed in Avoiding Archaeological Disasters: 
A Risk Management Approach (2009), by Darby C. Stapp and Julia G. Longenecker, and in Breaking 
Ground (2009), by Lynda V. Mapes. The base of the spit, which is where the Tse-Whit-Zen Village Site 
is located, became the planned location of the Washington State Department of Transportation’s 
(WSDOT) Port Angeles Graving Dock Facility Project, which was meant to construct replacement parts 
for the Hood Canal Bridge. The Area of Potential Effect (APE) was surveyed, in 2002, and no evidence 
of archaeological deposits was found. (Figure 2.2) (Reetz et al. 2006).  
 
Figure 2.2 Project Area of Potential Effect and the estimated location of the Tse-Whit-Zen Site 
(45CA523) before construction, adapted from Kaehler and Trudel 2006. 
 
In the summer of 2002, the Graving Dock Project began. Human remains and archaeological 
deposits were recovered in August of 2003 in the eastern section of the project. Construction was halted 
in this part of the project, but continued elsewhere, monitored by Lower Elwha Klallam Tribe (LEKT) 
and Western Shore Heritage Services (WSHS) archaeologists. Larson Anthropological Archaeological 
Services Limited (LAAS) were consulted, and found that there was evidence of archaeological deposits in 
photographs taken in an initial investigation trench dug in 2002 (Reetz et al. 2006).  
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In 2003, the site boundaries were explored by WSHS. Four areas containing archaeological 
materials were outlined, and labelled A, B, C, and D (Figure 2.3).  
 
Figure 2.3 Tse-Whit-Zen Site (45CA523) boundaries, including Areas A, B, C, and D, adapted from 
Reetz et al. 2006. 
 
One meter by one meter units were excavated in 2004 by LAAS and LEKT in grouped blocks. 
Initially, LAAS planned to recover data from about six percent of what was previously known of the site, 
until they discovered additional deposits. Excavation was conducted with backhoes, shovels, and trowels. 
Each block was initially excavated in two or six 1x1 meter units, as well as isolated 1x1 meter units in 
Area B. The units were numbered in each block. At the discretion of the Principal Investigator or 
geoarchaeologists, some blocks were expanded around stratigraphy, features, or archaeological deposits. 
Units were excavated in stratigraphic levels, except where the strata exceeded a thickness of 10 
centimeters, and then divided into arbitrary levels. All elevations recorded are in meters above North 
American vertical datum of 1988 (NAVD88). Point provenience was recorded for artifacts according to 
their northing and easting coordinates. Artifacts were grouped by material type as lithics, modified or 
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faunal bone. Sediment samples were taken from each feature and each new stratigraphic level in each 
block during excavation. Charcoal was also collected for radiocarbon dating. Photographs were taken of 
features, artifacts, and stratigraphy. Strata were recorded based on characteristics of the sediment matrix 
that archaeologists could identify. These characteristics included color, grain size, and constituents (Reetz 
et al. 2006).  
In Area A, 30 blocks were excavated and 270 features were found. These features included 
burned shell, charcoal and ash, linear stains, wood planks and posts, hearths, postmolds, disposal areas, 
and pits. Data recovery also yielded both historic and prehistoric artifacts and features. Historic finds 
include liquor bottles, buttons, pharmaceutical bottles, wood, glass beads, brick, wire nails, and metal 
rebar. Historic piles and concrete were also recovered found (Kaehler and Trudel 2006; Kaehler and 
Lewarch 2006). Prehistoric artifacts found included items manufactured from stone, bone, antler, and 
shell, and even modified wood was identified. Lithic artifacts included abraders, adzes, net weights, 
incised and painted stones, cobble and pebble tools, cores and flakes. Bone was manufactured into awls, 
harpoon points, toggles, bipoints, unipoints, fish hooks, and even a spindle whorl made of whale bone 
(Reetz et al. 2006).  
Most of the analysis of faunal remains conducted by Drs. Campbell, Etnier, Butler, Sterling, and 
Bovy on the Tse-Whit-Zen Village Site (45CA523) has been focused on Block 4 or Area A (A4). Midden 
was excavated from within and outside of a possible structure. Because it is associated with a possible 
house, A4 is an ideal place to analyze the patterns of subsistence remains. A4 is demarcated by a 
construction trench on its northern edge (Figure 2.4).  
 
 
12 
 
Figure 2.4 Layout of Area A of the Tse-Whit-Zen Site (45CA523), adapted from Reetz et al. 2006. 
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Thick stratified midden deposits were exposed as A4 was excavated. Initially A4 was excavated 
as a 3 x 2 meter block, but was expanded by 28 1 x 1 meter units and three 1 x 0.5 meter units. Ten 1x1 
meter units were revisited, but offset from the original units by 15 centimeters south and 20 centimeters 
west. These units were excavated below the water table, so that archaeologists could collect information 
on deposits and the beach swash in the lower stratum. Water was pumped from these units with sump 
pumps, and the units were excavated until the pumps were no longer effective (Reetz et al. 2006). From 
this block, radiocarbon dates have been collected, and isotope analysis has been conducted on some of the 
archaeological midden shells. Considering the data that has been collected thus far on the units of A4, I 
decided to focusing analysis of archaeological shells on units within this block.     
  
2.2 Shell Taphonomy 
 
The alteration caused by cultural and natural processes that shells undergo, throughout the cycle 
of harvest and deposition, can impose limits on the climate data that can be attained from the shell. 
According to Claassen (1998), taphonomy includes the processes that modify or transform shells post-
mortem, which include perforation, fragmentation, abrasion, encrustation, dissolution, and/or heating. 
This list is not exhaustive. These taphonomic processes may result from natural processes that occur 
during the mollusk’s lifetime (Lazo 2004), or from a range of human behavior from harvest to post-
deposition. Exposure to any of these processes may cause physical or chemical alterations to the shell, 
such as size, strength, mineralogy, or chemistry.   
Cooking marine invertebrates in the shell is a widespread cultural practice, and so too is burning 
shell for trash disposal (Ames and Maschner 1999; Andrus and Crowe 2002; Claassen 1998; Ellis and 
Swan 1981; Faulkner 2011; Ford 1989a; Ford 1989b; Losey et al. 2004; Muckle 1985; Robins and Stock 
1990; Villagran et al. 2011; Wolverton 2010). Heating of aragonite mollusk shells puts them at risk for 
recrystallization, which is associated with the depletion of heavy isotopes (Andrus and Crowe 2002). 
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When this happens, the shells no longer contain accurate data about the environment in which they 
formed. Shellfish build their shell by precipitating constituents out of the sea water in which they live. 
The oxygen within the calcium carbonate structure is deposited in isotopic equilibrium with that of the 
SST (Klein et al 1996; Wanamaker et al. 2007). The ratio of 18O to 16O (reported as δ18O) within the 
shell’s calcium carbonate crystal lattice is associated with certain temperatures and salinities. Paleosea 
surface conditions are preserved only in the invertebrate skeletons that have not been isotopically altered 
by taphonomic processes. Invertebrate shells excavated from cultural deposits are integral to the accurate 
reconstruction of past climates, therefore recognizing taphonomic alteration, and understanding how it 
changes the shell chemistry, is essential for archaeologists.   
 
2.3 Shell Formation Chemistry 
 
In order to understand how alteration by taphonomic processes distorts the accuracy of data drawn 
from midden shells, a familiarity with shell formation chemistry is necessary. Bivalve mollusks are 
unsegmented invertebrates with an exoskeleton of two, sometimes bilaterally symmetrical, calcareous 
valves, held together at the hinge by a dorsal, elastic ligament of conchiolin, an organic substance made 
up of mucopolysaccarides, polypeptides, and scleroproteins (Kent 1988; Muckle 1985; Reitz and 
Shackley 2012; Seed 1980). Anterior to the ligament is the hinge, which contains the umbo, the oldest 
part of the shell, which can be curved posteriorly, anteriorly, or not curved. On the interior surface of the 
hinge are teeth, the arrangement of which are a diagnostic feature for each taxon. On the inner surface of 
the shell the pallial line and muscle scars are often preserved in archaeological assemblages (Figure 2.5).  
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Figure 2.5. The exterior and interior anatomy of the marine bivalve shell; Left: Leukoma, Right: 
Saxidomus 
 
The muscle scars are where the adductor muscles are attached during the organism’s lifespan; these 
are responsible for opening and closing the shell. The mantle is attached to the pallial line in the interior 
of the shell. If the organisms had a siphon, there is an indentation to the pallial line, called the pallial 
sinus. This is found in infaunal, burrowing taxa (Seed 1980). 
A conchiolin layer, the periostracum, also coats the exterior of the shell. It is an intercrystalline matrix 
in which calcium carbonate crystals are embedded within the calcareous shell (Kent 1988). The ligament 
and periostracum are usually absent on archaeological shell specimens (Muckle 1985). As the shellfish 
grows, it precipitates constituents out of the sea-surface environment in which it lives, and deposits a ring 
of calcium carbonate on its outer margin (Kent 1988; Weiner 1983). Growth of the shell is affected by 
sea-water temperature, salinity, food availability, location in the intertidal zone, and maturity of the 
organism (Cannon and Burchell 2009; Goodwin et al. 2003). The mantle, a thin sheet of tissue covering 
the soft invertebrate body, facilitates growth of the shell. The ions extracted from the water pass through 
the mantle in an aqueous form and are precipitated into a conchiolin matrix, a group of protein 
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macromolecules that form a framework for the calcium carbonate crystals. It is secreted 
contemporaneously with the calcium carbonate crystals onto the outer margin of the shell (Cannon and 
Burchell 2009; Crenshaw 1980; Kent 1988; Weiner and Dove 2003).  
Shell deposition occurs systematically. Ions of Ca2+ and HCO3- (bicarbonate) are extracted from the 
ambient sea water by the organisms and stored in the extrapallial space in the extrapallial fluid. The 
extrapallial space exists between the outer mantle epithelium and the inner shell surface. The composition 
of the extrapallial fluid is controlled by the outer mantle epithelium, and may contain components that are 
not incorporated into the shell. Biomineralization occurs at the outer margin of the shell, and is an acid 
producing process:  
Ca2+ + HCO3- = CaCO3 + H+ 
Extra bicarbonate reacts with the H+ to form CO2 and H2O, which dissipate into the environment. 
Calcium carbonate crystals are then deposited into the conchiolin matrix. There is also evidence that 
bivalves dissolve part of their shell when they become anaerobic (Crenshaw 1980; Kent 1988). Bivalve 
shells are precipitated into three layers: the periostracum covering the exterior, and an interior and 
exterior layer of calcium carbonate (Hahn et al. 2012).  
The science of growth ring analysis is called sclerochronology. Bivalve shell growth rates vary 
according to environmental conditions. During warmer months growth rates increase; growth slows in the 
colder months (Schöne 2003). This results in contrasting pairs of growth rings that can be white or dark, 
translucent or opaque, that represent periods of intense growth, and episodes of slowed growth. Each pair 
of wide and narrow growth increments represent annual growth (Reitz and Shackley 2012). These annual 
growth patterns are the best documented. Periodic breaks in growth also occur, annually, monthly, or 
daily, which contribute to the visibility of rings on the shells surface. Growth rings are most visible in a 
cross-section of the shell. Daily growth increments appear as a cycle of light and dark bands, which are 
influenced by the tides. Annual growth increments are a record of seasonal variation (Jones et al. 1984). 
 
 
17 
Other factors, like availability of food and salinity, affect growth rates, thus more environmental 
information can be obtained from growth rings than temperatures alone (Yan 2013). Periods of fast 
growth are often associated with warmer months and thicker more translucent growth bands, and slow 
growth with colder seasons and narrower, darker rings. Based on which type of growth ring appears on 
the outer margin of the shell when it is found in a shell midden, the season of death, or harvest, can be 
estimated. 
2.3.1 Mineralogy. As biomineralization occurs, the organism has control over the mineralogy of the 
CaCO3 crystals (Lowenstam 1954). Shells are most commonly composed of calcite or aragonite, but also 
exist as vaterite, which is a solid solution between calcite and dolomite (Compere and Bates 1973). Some 
species will precipitate one polymorph of CaCO3 in one part of the shell, and another polymorph in 
another location (Falini et al. 1996). Although calcite and aragonite are compositionally identical, their 
crystal lattice arrangements differ from one another. Both lattice structures contain layers of alternating 
calcium (Ca2+) and carbonate (CO32-) ions, though CO32- occurs in a different orientation in each (Falini et 
al. 1996). Many clams are composed entirely of aragonite, while mussels, abalones, and oysters contain 
both. Aragonite and calcite can occur together in the same shell, but they are almost always separated into 
distinct layers within the shell. Calcite is more common on the outer layer of the shell, and aragonite 
usually makes up the interior nacreous layer (Carter 1980).  
Aragonite exists metastably at the pressure and temperature conditions on Earth’s surface. Over 
time it converts to calcite, which is stable at higher temperatures and lower pressures (Antao and Hassan 
2010; Carlson 1983; Wardecki et al. 2008). This means that when aragonite is heated, its crystal lattice 
structure, which is stable at high pressures, reconfigures into calcite than is stable at higher temperatures. 
Aragonite is found in the shells of invertebrates, and is also common in high pressure metamorphic 
blueschist-facies rocks. Although calcite and aragonite are stable in different conditions they can coexist 
in the same environment. Aragonite is metastable at Earth’s surface, which means even though it is 
thermodynamically unstable at these conditions, it does not instantly transform into the stable polymorph 
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because the processes of reaching equilibrium is slow. This lag between the emergence of aragonite in 
low pressure conditions and the nucleation of calcite is called reaction overstepping (Figure 2.6 ).  
 
Figure 2.6. In reaction overstep, one mineral phase such as aragonite exists where calcite is stable. 
It does not immediately recrystallize into calcite upon entering the pressure and temperature 
conditions where aragonite becomes unstable, and calcite becomes stable. The reaction overstep is 
the difference between the conditions where aragonite should recrystallize into calcite, and where it 
actually recrystallizes.  
 
Aragonite can occur in a low pressure environment, like Earth’s surface (Antao and Hassan 2010; 
Vernon and Clarke 2008). However, as temperature increases, the amount of overstep is reduced (Vernon 
and Clarke 2008). The nucleation of aragonite into calcite is epitaxial nucleation, which means the atomic 
structure of the new mineral resembles that of the pre-existing mineral. The recrystallization of aragonite 
into calcite reconfigures the crystal lattice from a high energy state to a lower energy state so that the 
calcium carbonate mineral is no longer metastable (Vernon and Clarke 2008). In this process of epitaxial 
nucleation, or crystal lattice rearrangement, the heavy oxygen and carbon isotopes become exchanged for 
the lighter 16O and 12C in atmospheric CO2 and H2O (Andrus and Crowe 2002). This means that while the 
conversion from aragonite to calcite occurs slowly at Earth’s surface conditions, if aragonite is heated, a 
more rapid conversion is facilitated. Recrystallization occurs with a change in the pressure or temperature 
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conditions of a solution, magma, or existing rock or mineral. In the case of aragonite, the crystal lattice 
arrangement becomes unstable, and must reorient itself into a more energetically advantageous 
arrangement. This typically means that smaller grains will combine to form larger grains, which reduces 
the total surface area, and reducing the energy level (Nesse 2012). 
Aragonite and calcite are made up of unit cells, which determine the shape of the crystal lattice. The 
unit cell is the most basic unit consisting of an atom, ion, or molecule (Ebbing and Gammon 2009). In the 
cases of both aragonite and calcite, the unit cell is made up of one Ca2+ cation, and one compound of 
CO32- (carbonate). They differ in that the unit cell of aragonite has an orthorhombic shape, while calcite 
has a rhombohedral unit cell shape. The length of the unit cell is measured in three dimensions, along a, 
b, and c. The angles are also measured in three dimensions. Between b and c is the angle α, between a and 
c is β, and γ is between a and b (Suryanarayana and Norton 1998). The lengths a, b, and c of the 
orthorhombic unit cell are all unequal. The angles α, β, γ, however, are all equal to 90° (Ebbing and 
Gammon 2009; Suryanarayana and Norton 1998) (Figure 2.7).  
 
Figure 2.7. The orthorhombic unit cell illustrating the orientation of crystal axes a, b and c, and the 
angles between the axes, α, β, and γ, adapted from Nesse 2012. 
 
Calcite has a rhombohedral unit cell. Two of its parameters along a, b, and c may be equal, or it may 
equal in length along all three axes. None of the three angles α, β, or γ are equal to 90° (Ebbing and 
Gammon 2009) (Figure 2.8).  
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Figure 2.8. The rhombohedral unit cell, which is part of the Hexagonal crystal system, and its axes 
a, b, and c, and angles of the axes, α, β, and γ, adapted from Nesse 2012. 
 
The unit cell of aragonite measures 4.96 Å along a, 7.97 Å on b, and 5.74 Å along c. The dimensions 
of calcite differ in that along a it measures 4.990 Å, and 17.060 Å along c. Aragonite and calcite can be 
distinguished in a hand specimen by the perfect cleavage in calcite. Aragonite has only one imperfect 
cleavage, and one poor cleavage (Nesse 2012). It is these differences that distinguish aragonite and calcite 
as two separate minerals, despite an identical chemical makeup.  
2.3.2 Microstructure. As the shell grows, crystallites are laid down into inner, intermediate, and outer 
layers of calcium carbonate (Figure 2.9). Each of these layers has its own structural arrangement of 
aragonite or calcite, called microstructure. Microstructure is independent of mineralogy, though certain 
microstructures are associated with a particular polymorph. Four types of microstructure are common in 
bivalves. These are prismatic, laminar, crossed, and homogenous. Three other microstructure types are 
not as common; spherulitic, isolated spicules, and isolated morphotypes (Carter 1980). 
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Figure 2.9. Examples of shell macrostructure, where inner, intermediate and outer layers are 
apparent on a Panopea shell on the left, and Macoma on the right, SEM images courtesy of WWU 
student Ryan Desrosiers. 
 
 The prismatic microstructure is found in aragonite and calcite layers of shell. Prismatic structural 
units are generally parallel, columnar, and adjacent to each other. The prisms tend to be elongate, and 
length to width ratio can vary by species. In Ostreidae, the oyster family group, the prisms tend to be 
shorter than in other family groups. There are different prismatic structural arrangements. The structural 
units of the simple prismatic microstructure are parallel and adjacent to each other. Spherulitic prismatic 
microstructure involves first-order prisms, with a second-order spherulitic texture that appears as a radial 
pattern on the crystallites. Laminar, or nacreous, microstructure consists of laminar tablets of polygonal or 
rounded shapes that are arranged into sheets stacked parallel to depositional surface. There are two 
structural arrangements of laminar microstructure. The columnar nacre is made up of uniform tablets with 
aligned centers; the second, sheet nacre is arranged in a brick wall-like pattern. Crossed microstructure is 
also common.  
Crossed microstructure is also common in bivalves. It consists of elongate structural units which 
intersect with each other, so that structural units are arranged into two different dip directions. Structural 
units are not parallel to the depositional surface. Simple crossed-lamellar is one type of crossed 
microstructure (Figure 2.10). It consists of parallel elongate units, with sub-units not parallel to first-order 
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units. This microstructure is common in a wide range of mollusks. The complex crossed-lamellar 
structure has first-order lamellae that occur in two different directions. Intersected crossed-platy 
microstructure consists of intersected platy units with dips in two directions. This is not as common in 
mollusks and is only found in some vetigastropods. The fourth common type of microstructure is 
homogenous. The homogenous microstructure shows no clear structural arrangement, and is made up of 
irregularly shaped units (Chateigner et al. 2000; Carter 1980). These microstructures can occur as a 
variety of layer arrangement in bivalve shells. The outer layer of a shell may have a different 
microstructure than its inner or intermediate layers. A shell might have three different kinds of 
microstructures in each of its layers, as well as varying mineralogy. 
 
Figure 2.10. Examples of microstructures of the crossed-lamellar Tresus (left) and the prismatic 
Panopea (right) shells. Both of these shells are made of aragonite, but exhibit varied structure at the 
micro level. SEM images courtesy of WWU student Ryan Desrosiers 
 
2.3.3 Geologic and Biogenic Aragonite. It has recently been recognized that the aragonite that makes 
up marine bivalve shells is unlike mineral aragonite occurring geologically. Bivalve shell calcium 
carbonate, known as biogenic or bio-mineral aragonite or calcite contain organic macromolecule lattice 
distortions (Pokroy et al. 2004; Pokroy , Fieramosca, Von Dreele, Fitch, Caspi, and Zolotoyabko 2007; 
Pokroy, Fitch and Zolotoyabko 2007) due to the conchiolin matrix the mineral crystals are embedded 
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into, as well as macromolecule inclusions in the crystallite. This is a feature absent in geologic aragonite 
and calcite.  
In 2004, Pokroy et al. postulated that organic molecule inclusions in aragonite mollusk shells 
contributed to a shift in X-ray diffraction peak data to a different angle than that of aragonite obtained 
from a geologic source. They conducted an experiment on aragonitic Acanthocardia tuberculate, a 
bivalve marine shell, and a sample of geologic aragonite from Sefrou, Morocco. They found that there 
was a shift in diffraction peaks of biogenic aragonite relative to the geologic sample, and that the crystal 
lattice proportions between the two also differed, while maintaining an orthorhombic lattice configuration 
that is a characteristic of aragonite. A unit cell of nearly inclusion-free geologic aragonite had lattice 
parameters a=4.9623 Å (one Å or ångström is equal to 1.0 X 10-10 meters), b=7.968 Å, and c=5.7439 Å. 
The sample of biogenic, aragonite bivalve shell and unit cell measurements of a=4.96444 Å, b=7.9645 Å, 
c=5.74849 Å. They then heat treated the mollusk shell to 140° C for 16 hours, and performed X-ray 
diffraction again. They found that the diffraction peaks shifted from those characteristic of biogenic 
aragonite, almost to those obtained by the geologic specimen. They attributed the lattice distortions in the 
biogenic aragonite to organic molecule inclusions, but could not directly demonstrate it. 
In a 2007 experiment, Pokroy et al. explored the atomic positions within the calcium carbonate crystal 
lattice. They note that biogenic and geologic aragonite and calcite are often not distinguished from each 
other by researchers. They used high-resolution neutron diffraction to measure the bond lengths between 
C, O1 and O2 of the carbonate of two bivalve species, Acanthocardia tuberculate and Perna canaliculus, 
a gastropod, Strombus decorus persicus, and impurity-free geologic aragonite from Sefrou, Morocco. 
Aragonite differs from calcite in that the carbon and three oxygen atoms are non-coplanar, meaning that 
they do not exist on the same plane, as they do in a calcite. In all of the biogenic specimens, there was a 
maximum of a 0.2% increase along the c-axis of both aragonite and calcite that can be attributed to intra-
crystalline organic molecules that are included during biomineralization of the shell. When the biogenic 
aragonite is annealed, or in this case, heated to 150° C, and the calcite heated to 200° C, the organic 
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molecules dissipate resulting in relaxing of the crystal lattice, and a reduction in size of the crystals. The 
organic molecules are not included randomly like impurities, but in a more organized way with the atomic 
groups. The organic molecules biomineralized within the crystallites create stress and strain on the 
biogenic aragonite and calcite crystal lattices, causing the atoms to stretch most extremely along the c-
axis. When both biogenic aragonite and calcite are heated to 350° C, the lattice distortions degrade 
enough that the samples resemble those of their geologic counterparts. Heating the shells degrades the 
organic matrix and molecular network that causes the strain on the crystal lattice, and causes the lattice to 
relax almost completely, and results in a reduction in the size of the crystal blocks within the shell 
(Pokroy et al. 2007). 
These anisotropic lattice distortions contribute considerably to the difference in recrystallization 
temperatures between biogenic aragonite and geologic aragonite. A euhedral sample of geological 
aragonite with relatively little impurities recrystallizes from aragonite to calcite within ten minutes after 
reaching temperatures between 458 and 477° C. Once it reaches above 702° C, the calcite breaks down 
into CaO and CO2 (Antao and Hassan 2010). In contrast, biogenic aragonite starts recrystallizing at 280° 
C if it is pulverized, and 360° C for whole samples. According to Wardecki et al. (2008), whole samples 
of biogenic aragonite do not fully recrystallize until they are heated to 500° C. As the sample is heated, 
the organic macromolecules trapped within cannot escape very easily, and exert pressure on the 
neighboring crystals, which exceeds that of the tensile stress on the crystal lattice caused by the presence 
of the organic molecules. This pressure acts to reduce the length of the lattice parameters, which results in 
smaller crystal blocks.  
Biogenic aragonite recrystallizes at far lower temperatures than geologic aragonite, which may be 
unexpected to some researchers. As stated by Pokroy et al. (2007), researchers have not been 
distinguishing between biogenic and geologic aragonite and calcite.  
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2.3.4 Isotopic Composition of Marine Bivalve Shells and the Relationship to Climate Conditions. 
Stable isotopes 16O, 17O, and 18O are isotopes of oxygen that occur in the atmosphere. Oxygen-16 makes 
up about 99.759 percent of the natural oxygen isotopes, while oxygen-17 and oxygen-18 make up 
0.0374% and 0.2039% respectively (Rye and Sommer 1980). Isotopes of an element have the same 
number of protons, which means it has the same atomic number. The atomic number of oxygen is eight, 
reflecting its eight protons. Its atomic mass is the number of protons and neutrons together. For the most 
common isotope of oxygen the atomic mass is sixteen. The atomic masses of the other oxygen isotopes 
are seventeen and eighteen, as one contains nine neutrons, and the other ten neutrons.  Having extra 
neutrons does not change the charge of the element, but it does increase the mass. Oxygen-18 is heavier 
than oxygen-16. The isotopes are all stable because they do not decay into other elements, unlike 14C, 
which decays at a predictable rate into nitrogen (Reitz and Shackley 2012). 
Immediate conditions influence shell chemistry and thus variations in past climate are recorded in 
mollusk shells. Finding an accurate means of interpreting these climate changes is essential to helping 
researchers understand climate change of the current era (Weiner and Dove 2003).The 18O/16O ratio, 
measured as δ18O in the water is mostly controlled by temperature, but salinity can have an impact as well 
(Wanamaker et al. 2007). There is an established relationship between water temperature and the ratio of 
18O to 16O, which can be used to reconstruct the sea-surface temperatures, and seasonal variability (Yan 
2013). On the sea surface, H216O evaporates preferentially to H218O because it has a higher vapor 
pressure. Equilibrium systems move toward the lowest possible energy state. When the water surface is 
heated by the sun, H216O will vaporize because it becomes less stable as a liquid than H218O (Emiliani 
1955; Gat 1996). While it may seem, then, that the sea surface would become enriched in 18O relative to 
16O in periods of warming, continental water runoff prevents this.  
 Vapor that has evaporated from the ocean condenses into clouds. It is transported and may 
precipitate over land. This precipitation can fall as rain or snow. If it falls as snow, it may become part of 
glacial ice. This glacial ice that is enriched in H216O will melt during warm periods, and eventually 
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become part of the runoff that flows back into the oceans (Emiliani 1955; Gat 1996; Grotzinger and 
Jordan 2010). The maximum δ18O is associated with the coldest month (presumably January), and lower 
δ18O with warmer months (Bailey et al. 1983). Because H216O freezes preferentially to H218O, during 
periods of glaciation, the sea surface is enriched in 18O, and during warmer periods of melt, the ratio of 
18O to 16O goes down (Rye and Sommer 1980)  
In 1951, Samuel Epstein, Ralph Buchsbaum, Heinz Lowenstam, and Harold C. Urey set out to 
establish a carbonate-water isotope temperature scale (Epstein et al. 1951). They knew that δ18O content 
in marine calcium carbonate shells was related to temperature, and salinity. They drilled holes in the 
shells of calcareous organisms and put them in temperature controlled baths at three Pacific Coast marine 
laboratories. They planned to get isotope data from the calcium carbonate the organisms would use to 
repair their shells. They also collected abalone and limpets from areas where temperature did not appear 
to fluctuate very much. The mineralogy of calcium carbonate shells was not specified. Before they 
analyzed their specimens with mass spectrometry, they roasted powered samples at 400° C for 60 minutes 
to dilute them of impurities. They found that heat treating samples lowering the δ18O in their samples. 
They were unsure of the cause, but recognized that the discrepancy might be due to aragonite and calcite 
having different crystal structures. They decided to explore this issue further. In a 1953 experiment by 
Epstein, Buchbaum, Lowenstam and Urey, they found that there was a large difference in the δ18O of the 
outer calcite layer of an abalone and the inner aragonite nacre (Epstein et al. 1953). They heated samples 
to 470° C for 30 minutes and found that the nacreous layers of the abalone converted to calcite, and that 
the calcite outer layer did not change. Once they corrected for this, they published an equation meant to 
correlate water temperature and δ18O signals in marine invertebrate shells.  
t(°C)= 16.5 – 4.3δ + 0.14δ2 
Although the equation has since undergone many revisions (Rye and Sommer 1980), the results 
of the studies by Epstein et al. (1951, 1953) have implications that are still relevant to today in 
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archaeology. Shells from coastal midden sites contain paleoclimate information from the time they were 
living hundreds or thousands of years ago. In order to accurately interpret the sea-surface temperatures 
from archaeological shell specimens, it is necessary to be sure they have not undergone taphonomic 
processes that would interfere with the original oxygen isotope signatures of the shell. Heating aragonite 
shells can initiate the recrystallization from aragonite to calcite, and in the process, lose heavy oxygen 
isotopes as they are exchanged with 16O from the atmosphere.   
Andrus and Crowe (2002) noticed that in recent years archaeologists have not been heeding the 
lessons learned by Epstein et al. (1951, 1953). Researchers have been inconsistent about testing the 
mineralogy of aragonite fish otoliths before conducting isotope analysis for SST histories. To help 
illustrate what can happen to isotope ratios in aragonite when it is heated, they heated fish otoliths in 
using emulated prehistoric cooking techniques. Fish contain two aragonite otoliths in either side of their 
head that record oxygen isotopes in near equilibrium conditions, similar to shellfish. In their experiment, 
Andrus and Crowe (2002) removed one sagittal otolith from the left side of each fish and retained them as 
a control containing the original oxygen and carbon isotope ratios. The fish containing the right sagittal 
otoliths were heated five different ways. Some fish were burned directly on hardwood coals for about 6 
hours, and reached temperatures as high as 800° C, while others were roasted over hardwood coals, 
reaching temperatures of approximately 200° C for 30 minutes, and roasted in a dry oven at 150° C for 
one hour, boiled in sea water for one hour, or boiled in freshwater for one hour. They then tested the 
mineralogy of each otolith, as well as the oxygen and carbon isotope values and compared the heated 
otoliths with their unaltered pairs. Otoliths that were boiled and indirectly roasted did not change much in 
appearance, did not recrystallize, and did not lose oxygen or carbon isotope integrity. Otoliths from fish 
that were directly roasted on coals turned black or gray, were recrystallized into calcite, and were depleted 
of 18O and 13C, resulting in lower δ18O and δ13C values. Andrus and Crowe (2002) concluded that as 
recrystallization occurs, 18O and 13C are exchanged with 16O and 12C in atmospheric CO2 and H2O, and 
that recrystallized samples look visibly altered.  
 
 
28 
An isotopic profile can be obtained from the shell, by examining the incremental growth rings (Jones 
and Kennett 1999). Oxygen isotope ratios have been correlated with water temperatures in the past 
(Epstein et al 1953). Carbon isotopes are not sensitive to temperature conditions, but rather largely 
correspond to the δ13C value of atmospheric carbon dioxide (CO2). The carbon dioxide mixes and diffuses 
across the sea water interface, and contributes its δ13C signature to the dissolved inorganic carbon 
component of sea water. Carbon isotope ratios are not associated with temperature because temperature 
does not strongly affect carbon isotope fractionation processes in atmosphere-ocean diffusion (Spero et al. 
1997; Wanamaker et al. 2007; Yan 2013). The ratio of carbon in ocean water is not sensitive to 
temperature changes as is δ18O is, but it can be indicative of the magnitude and the timing of upwelling 
events (Jones et al. 1984). The degree of carbon disequilibrium with ocean conditions may rise with an 
increase in 18O (Wanamaker et al. 2007). Carbon isotopes are also useful in experimental studies of 
taphonomy on isotope ratios. Radiocarbon dating of shells can be problematic because the oceans contain 
far less 14C isotopes compared with the atmosphere. This means that shells will be depleted in 14C 
relative to terrestrial organisms and could be dated to an earlier than their actual growth. This is called the 
“marine reservoir effect” (Deo et al. 2004). 
There may be a difference in oxygen and carbon isotope fractionation between aragonite and calcite. 
According to Grossman and Ku (1986), aragonite skeletons might precipitate δ18O in closer equilibrium 
with surrounding water than calcite. Water salinity might also interfere with temperature data. Shells that 
grow in proximity to freshwater outlets, such as a river mouth, may be depleted of 18O, since it is not as 
commonly found in fresh water. Paleotemperaures of affected shells may predict temperatures warmer 
than actual SST conditions (Klein et al. 1996). Klein et al. (1996) used the Mg to Ca ratio to test for this 
in organisms they grew in controlled conditions, because the Mg to Ca ratio is almost always dependent 
only on temperature. The presence of Mg is also associated more with aragonite than calcite (Falini et al. 
1996) Sclerochronology may not be as helpful for solving isotope disequilibrium issues, but it can help 
understand the correlation between growth and sea-surface temperatures. Shell growth rates can slow 
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above and below certain temperature thresholds, or grow faster in the summer than they do in the winter 
(Schöne 2003). Growth also slows with the organism’s age (Cannon and Burchell 2009; Goodwin 2003). 
These are all issues which may skew the paleoclimate record. If sclerochronology is applied alongside 
isotope extraction, and other geochemical methods, then a more accurate SST analysis can be achieved.  
 
2.4 Natural Taphonomic Processes  
 
Understanding the natural taphonomic processes occurring over time within shell rich deposits is vital 
to understanding the alteration that has occurred to the individual shells before they are used for research. 
There are two types of natural taphonomic processes: those that alter the shell mechanically, and those 
that do chemical damage. Both of these processes could be responsible for altering environmental 
information that can be obtained from a midden shell. Mechanical and chemical weathering do not exist 
independently of one another, and the presence of one type can influence another. The mineralogy and 
microstructure of each shell has an impact on how it will preserve in a shell midden environment. 
Recognizing taphonomic processes is important in assessing how a midden might have changed over 
time, and how the individual shells, and other material, may have been affected (Kent 1988).   
Taphonomic processes are often referred to as post-depositional processes, but some occur when the 
organism is still alive. Whether the animal is infaunal or epifaunal will affect the kind of processes they 
are exposed to. Bioerosion and encrustation occur when other organisms attach themselves to another’s 
shell, like barnacles on mussel shells, and degrade the shell while the animal is alive. Organisms that live 
epifaunally are more exposed to taphonomic processes in their lifetimes than infaunal ones (Lazo 2004). 
The shells experience both mechanical and chemical weathering in their lifetimes. Corrasion is a term 
created by Lazo (2004) to describe the combination of biochemical corrosion and mechanical abrasion. 
The productivity of other organisms in the environment can have an impact on the rates that the natural 
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processes occur (Lescinsky 2002). Once the animal is harvested, it can undergo mechanical processes that 
can cause fragmentation, abrasion (Faulkner 2011), and degradation by recrystallizing salts (Kent 1988). 
Size and microstructure can cause shells to be differentially damaged (Faulkner 2011). Abrasion can 
occur when shells are rolled, or blasted with sand or water.   
2.4.1 Mechanical Alteration. Mechanical alteration contributes to the break down in size of shell 
pieces. Fragmentation can be caused by a number of factors. Shell middens can be pounded by wave 
action and compaction over time (Faulkner 2011; Muckle 1985; Wolverton et al. 2010). Like surface 
deposits of soil, shell middens are affected by soil formation processes, which vary between soil horizons. 
Shells that are a part of the soil making up the A Horizon are less likely to dissolve than shell in other soil 
horizons, because this soil horizon is saturated with Ca+2 ions. This keeps the shells from dissolving, 
leaving them subjected instead to fragmentation (Claassen 1998). 
Because shells within a similar depositional environment will experience similar taphonomic 
processes, shells within the same stratum are likely to exhibit the same stages of deterioration, regardless 
of mineralogy or microstructure (Claassen 1998). Fragmentation of midden shells can also be exacerbated 
by burrowing animals, and root expansion by plants growing on top of or near the midden (Faulkner 
2011). Seasonal changes in temperature con also contribute to the mechanical alteration of the midden as 
freezing and thawing work to expand and contract parts of the midden on an annual basis (Kent 1988). 
Shells can also be physically altered by precipitating salts. Sodium carbonate and sodium chloride can 
recrystallize in the alkaline conditions offered by a shell midden, which may also contribute to the 
fragmentation of shells (Faulkner 2011).  
As deposition occurs on the surface of a shell midden, the shells are subjected to increasing weight of 
the overburden, which is also responsible for the break-down of the shells (Ford 1989b: Kent 1988). 
Middens that contain more shells, and are more loosely packed, or porous, are at a higher risk of 
fragmentation due to increasing overburden (Kent 1988). Shells that have been burned may experience 
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higher degrees of fragmentation than shells that have not been altered in such a way (Muckle 1985). The 
degree of fragmentation of individual shells can be influenced by mineralogy and microstructure. Some 
microstructures are stronger than others, as the nacreous microstructure, for example, is stronger than the 
crossed-lamellar microstructure, and may resist fragmentation to a higher degree (Claassen 1998; Ford 
1989b; Zuschin and Stanton 2001; Zuschin et al. 2003). The homogenous microstructure, with an 
amorphous crystal arrangement, is one of the least strong, which means shells of this microstructure may 
be more likely to fragment than those of the crossed-lamellar and nacreous (Chateigner et al. 2000; 
Zuschin et al. 2003). Foliated calcite, which is only found in epifaunal bivalves like oysters, appears to be 
very weak as well (Zuschin et al. 2003). Thickness is the only factor related to size that has an impact on 
degree of fragmentation. The effects of mechanical alteration can be slowed or increased by 
disarticulation rate of hinges, damage by predators, and sedimentary processes within the midden 
(Wolverton et al. 2010).  
These mechanical impacts on shells could create a bias toward shells with stronger microstructures 
and shells higher up in the soil horizon profile, which could determine which species and depositional 
events get studied by archaeologists. The size of shell fragments determines which ones can be 
identifiable, and which get retained in the screening process. Archaeologists cannot repair shells that are 
fragmented beyond identification, but they can keep in mind the mechanical processes that midden shells 
undergo, during harvest, after deposition.  
2.4.2 Chemical Alteration. An array of chemical processes affect shells deposited in middens. 
Chemical weathering can affect fragmentation. Shells that exist in undersaturated calcareous soil are more 
likely to dissolve than to fragment (Claassen 1998), and fragmentation rates may rise in shells that have 
been subjected to chemical processes (Muckle 1985).  Dissolution is a very common chemical process 
that has many causes. When it rains, the water drops mix with the CO₂ in the atmosphere to form 
carbonic acid (Claassen 1998). This can dissolve shells existing in midden deposits as it rains down on 
them. Acidic ground water can dissolve the shells and transport their ionic evidence elsewhere (Faulkner 
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2011). Decaying organic material, from plants, create acidic soil that also can dissolve shells (Kent 1988).  
Corrosion rates are determined by the shell’s environment. The shells are more likely to dissolve in cold 
water, higher pressures, and acidic water (Claassen 1998). A high salinity may also contribute to 
increased dissolution rates, as will soil or water that is calcium undersaturated (Claassen 1998). Aragonite 
can recrystallize into calcite as a result of post-depositional processes. After the shell dissolves, it can 
precipitate as calcite (Cannon and Burchell 2009). Once the shells are in the soil, they may lose their 
natural magnesium and strontium trace elements to replacement by iron and manganese leached from clay 
minerals in the soil matrix (Claassen 1998). Though it can be difficult to know exactly how a shell has 
been affected by natural taphonomic processes, there are ways to test for alteration. If a shell contains 
more than 43 atomic percent calcium, there is a chance that it has undergone chemical weathering, as this 
is a sign that carbonate has been removed (Classsen 1998).  
 
2.5 Cultural Taphonomic Processes 
 
Marine shellfish that were harvested are likely to undergo chemical and mechanical changes inflicted 
by humans. Common cultural taphonomic processes that affect the shells are the fragmentation due to the 
prying open of live shellfish, and chemical alteration due to heating the shells. Ethnographic studies 
indicate that among Northwest Coast genera shellfish were often steamed, roasted, or eaten raw (Boas 
1921: Ellis and Swan 1981). Although some may have been eaten raw or extracted from its shell before 
cooking (Boas 1921). The shells may have undergone fragmentation not as a result of prying open the 
shell, but as a way to extract the soft tissue without having to open the shell. Bivalves may also have been 
heated as a way to open the shells, or they may have been exposed to direct or indirect heat in a variety to 
cooking methods (Ford 1989b; Wolverton 2010). Each of these cultural techniques for preparing the 
bivalves may alter the integrity of the shell before or after it is deposited into the shell midden. If 
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aragonite shells are heated long enough and to high enough temperatures, they may recrystallize into 
calcite, a process that results in the depletion of heavy isotopes (Andrus and Crowe 2002).  
2.5.1 Mechanical Alteration. Fragmentation during cleaning, opening, and tissue removal are a few 
examples of how humans cause breakage to shells. Shells may also be fragmented during the deposition 
process if they are dropped or thrown into the midden, the degree of fragmentation may increase with the 
distance thrown or dropped (Wolverton 2010).Shells are also at a risk of being trampled on; the degree to 
which may be dependent on where in the site they are disposed of (Faulkner 2011; Kent 1988). Damage 
to the shells can also result from modern processes, like plowing and excavation (Falkner 2011). The 
weight of the overburden of a deposit can also act to crush shells in a midden (Ford 1989b), which is an 
indirect cultural process, as humans add more debris to the deposit. All of these factors, as with the 
natural taphonomic processes, vary by taxa, as microstructure, mineralogy, size, shape of hinge, and 
thickness all contribute to the strength of the shell (Chateigner 2000; Ford 1989b; Wolverton 2010; 
Zuschin et al. 2013).  
2.5.2 Chemical Alteration. Once shellfish were harvested, they may have undergone heating for two 
different purposes: cooking or disposal. Middens may be burned to keep a site more sanitary and to 
reduce any smell associated with food remains, or to produce lime. Evidence of midden burning can be 
found in lenses or strata within the shell midden where shells are gray or black and look burned (Muckle 
1985; Villagran et al. 2011).  
Cooking methods for marine bivalves employed in the Northwest Coast culture area are outlined in 
the ethnographic accounts of Franz Boas (1921) and David W. Ellis and Luke Swan (1981). In Boas’ 
ethnography on the Kwakiutl people of western British Columbia, Canada, he describes some of the 
methods used for cooking shellfish, which include roasting them in pits. David Ellis and Luke Swan 
(1981) have gone into more detail about the methods used to obtain and cook shellfish by the Manhousat 
people of the west coast of Vancouver Island. The Manhousat people dug clams from the soft sediment 
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with a digging stick that could be used like a shovel. Clams were collected into baskets and brought to 
shore. Leukoma and Clinocardium were often eaten raw, however, although they were also sometimes 
cooked. The Saxidomus were almost always cooked before they were eaten, as there was something 
unpleasant about their raw texture. The Saxidomus were commonly steamed in pits. Clams were stacked 
on their sides so that the juices would not drip out of the shell during cooking. Cooking in a pit included 
the use of hot rocks lining a pit. A fire would be lit over the rocks, heating them. Some of the hotter coals 
would eventually be removed, and the shells would be placed on the rocks. The pit was then covered with 
a cedar bark mat while the clams cooked. One method outlined for cooking Mytlius californianus 
involved the heating of shells directly on hot coals raked to the edge of a fire (Ellis and Swan 1981).   
At least one of the taxa that were cooked by the Manhousat people had a shell made of aragonite. 
Although the Manhousat people did not also commonly cook Leukoma or Clinocardium, two other taxa 
with biogenic aragonite shells, it is possible that others who lived along the Northwest Coast and 
consumed shellfish might have cooked them in the shell.  
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Chapter 3: Research Methods 
 
 
In order to understand more about the effects of heating on aragonite shells and the likelihood of 
alteration to archaeological specimens used for isotope testing, I conducted experiments on both modern 
marine invertebrates and archaeological shell specimens from the Tse-Whit-Zen Village site (45CA523). 
In the first part of the chapter I outline the techniques I used to induce recrystallization of biogenic 
aragonite of various taxa in a controlled environment, and my methods to test the results. In the second 
part of this chapter, I discuss the selection of archaeological shell samples from the Tse-Whit-Zen Village 
Site and my methods for testing them for recrystallization, and other taphonomic alterations.  
3.1 Experimental Methods 
 
For the experimental part of my thesis I analyzed the changes in stable oxygen and carbon isotope 
values that occurred after heating biogenic aragonite bivalve shells in a controlled temperature setting. All 
marine bivalve specimens I used in this experiment represent taxa of shellfish commonly found in 
Northwest Coast shell middens, two of which have are often used for isotope testing. Four adult 
specimens each of Clinocardium nuttallii (Figure 3.1), Saxidomus giganteas (Figure 3.2), Leukoma 
staminea (Figure 3.3), and Ostrea lurida (Figure 3.4) were collected live to control for exposure to 
chemical and mechanical processes that can interfere with the shell’s original isotopic and mineralogical 
integrity. If I had collected shells off of the beach, I would have no way of knowing what post-mortem 
processes had affected the chemistry of the shell.  
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Figure 3.1. Clinocardium nuttallii; Above: Exterior of the shell, with radial ribs and a slightly 
disintegrated periostracum, Below: Interior of the shell. This specimen was collected from Samish 
Island in July 2014. 
 
 
Figure 3.2. Saxidomus gigantea; Above: Exterior of the shell, showing the concentric growth rings 
and mostly disintegrated periostracum, Below: the interior. This specimen was collected from 
Samish Island in July 2014. 
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Figure 3.3. Leukoma staminea; Above: the exterior of the shell, showing the radial and concentric 
lines. Its periostracum is gone. Below: the interior of the shell. This specimen was collected from 
Samish Island in July 2014. 
 
 
Figure 3.4. Ostrea lurida; Above: the exterior of the shell, Below: the interior, unlike the three other 
specimens, the Ostrea is not bilaterally symmetrical. This specimen was collected from Samish 
Island in July 2014.  
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I expected to see varying degrees of recrystallization or non-recrystallization among specimens of 
different taxa heated to the same temperature, as mineralogy and microstructures might have an effect on 
the susceptibility to recrystallization and the temperature at which it occurs. The calcite layers of the 
Ostrea lurida should remain calcite with any degree of heating. A small degree of heavy isotope depletion 
is possible as the aragonite nacre within the Ostrea shell recrystallizes. In preliminary tests I found that 
calcite was the only detectable mineral in the Ostrea, despite the fact that it has an aragonite nacreous 
layer on the interior of the shell (Kent 1988).  Any recrystallization of aragonite to calcite should be 
accompanied by decreasing δ18O and δ13C values. Based on results found by Wardecki et al. (2008), that 
biogenic aragonite starts recrystallizing at 360° C, and is completely recrystallized at 500° C, I expected 
that specimens heated to 300° C would not start recrystallizing after one hour of heating, but might at 
400° C. I expected all specimens heated to 500° C to recrystallize and be partially or completely depleted 
of heavy carbon and oxygen isotopes, with the exception of Ostrea (Figure 3.5).   
3.1.1 Specimen Habitat and Microstructure. The taxa that I have chosen to experiment with are 
commonly found along the shores of the Salish Sea and are preserved in many shell middens of the 
Northwest Coast. The Clinocardium nuttallii, Saxidomus gigantes, and Leukoma staminea all inhabit 
similar environments. Remains of Clinocardium are found in nearly every shell-bearing archaeological 
site of the Puget Sound. It is an infaunal burrower that prefers soft sand, mud, or gravel, and inhabits the 
low intertidal and shallow subtidal zones of bays, sloughs, estuaries, and has a distribution from the 
Bering Sea to southern California (Kilmer 1973; Phillips 2002). Its shell is composed entirely of aragonite 
and has a distinctive microstructure.  The interior and intermediate layers are made up of crossed-lamellar 
aragonite crystals (Ji et al. 2013), and its exterior is simple prismatic (Evans 1972). 
 Leukoma staminea ranges from the Gulf of Alaska to Baja California, and can be found in the 
intertidal zone of the Puget Sound. It is a burrower that prefers to live between 5 and 15 cm deep in the 
soft sand or sandy mud of bays and coves (Lazo 2004; Phillips 2002). Its shell is composed entirely of 
aragonite. The outer layer of shell is mineralized in a composite prismatic microstructure. A layer of  
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Figure 3.5. Flow chart of the methods I have used to analyze the modern shellfish specimens 
collected from Samish Island. 
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crossed lamellar microstructure makes up an intermediate layer, and its interior layer is of 
homogenous and complex crossed lamellar structures (Lazo 2004).  
Like the Clinocardium and Leukoma, Saxidomus gigantea is an infaunal burrower that prefers the 
intertidal zone. It is found more commonly in the lower intertidal zone in sand, shell, mud, or gravel 
substrate. Its geographical distribution spans from northern California to the Aleutian Islands (Hallmann 
et al. 2009; Phillips 2002). Unlike the previous two taxa, the microstructure of the Saxidomus gigantea 
has yet to be studied. However, it is likely to be similar to that of another species in the genus, Saxidomus 
purpuratus. In S. pupuratus both the intermediate and interior layers of the shell have a crossed lamellar 
structure, while the outer layer is a more porous microstructure (Yang 2011).  
Ostrea lurida differs from the three other taxa in that the calcium carbonate shell is predominantly in 
the form of biogenic calcite, rather than aragonite. It is the only species of oyster native to the Northwest 
Coast. It ranges from Baja California to Sitka Alaska. Oysters prefer the brackish water of estuaries. They 
are epifauna, and attach themselves to the hard, rocky substrate of the lower tidal zone (Couch and 
Hassler 1989). The microstructure of Ostrea has not yet been studied, but the microstructure of 
Crassostrea gigas, a species introduced to the Northwest Coast, is a relevant parallel. There is no existing 
literature on the microstructure of these two oyster species; however, my analysis indicates they have a 
similar mineralogy. The C. gigas shell is composed of an outer prismatic calcite layer, and an inner 
nacreous microstructure made of aragonite (MacDonald 2011).  
3.1.2 Specimen Collection and Preparation. I collected live specimens of Clinocardium, Saxidomus, 
and Leukoma from Samish Island in the Strait of Juan de Fuca, Skagit County, Washington. Samish 
Island is a spit that separates Samish Bay from Padilla Bay to the west of Bow, Washington. It was once 
an island, but since the 1930’s the proximal part of the spit that was once submerged now sits above sea 
level, connecting the former island to the mainland. The spit measures about 1.6 km long, and 5.7 km 
across. It is located at the map coordinates 48°34’34”N and 122°32’23”W (Samish Island Community 
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Center 2012). Dr. Sarah Campbell and fellow Western Washington University student Will Damitio 
assisted with shellfish collection. We used shovels to dig through the poorly sorted sand and cobble beach 
sediment, and stored specimens in a 10 gallon bucket. Specimen collection took place over two days, at 
low tide, on the public access section on the beach.  
On July 22, 2014, our first clam digging trip, the tide was -0.4 ft at 8:25 AM. On the second trip, the 
low tide was 0.8 ft at 1:13 PM. As per the Washington State Department of Fish and Wildlife guidelines, 
the shellfish could not be harvested unless they were over one and a half inches in length. On the first day, 
we collected four Clinocardium, four Leukoma, and two Saxidomus. Two more Saxidomus were collected 
on a second trip. We found each specimen in the intertidal zone, and between about 15 to 30 cm depth. 
We did not find any Ostrea on the Samish Island beach, so they were purchased from Taylor Shellfish 
Farms, in Bow Washington. Taylor Shellfish Farms is situated to the North of Samish Island on Samish 
Bay.   
3.1.3 Specimen Preparation and Sample ID Designations. In total I collected 16 specimens, four from 
each taxon. After collection, I brought them to the Western Washington University’s Archaeology Lab. I 
soaked specimens overnight in a 10 gallon bucket in a solution of one part 70% isopropyl alcohol, and 
three parts distilled water. I then removed the soft tissue from each specimen, and scrubbed each shell in 
distilled water to remove any residual ocean water ions. I allowed the shells to air dry overnight. The 
shells were then grouped by taxa, and the valves separated. Each of the 32 valves was given a three part 
sample number. LAR (the first three letters of my last name) was the first part designated to each of the 
specimens, associating them with my research. The second part indicates the genus of each specimen, 
CLIN for Clinocardium, LEUK for Leukoma, SAXI for Saxidomus, and OSTR for Ostrea. A number was 
then designated as the third part of the sample ID number. For all of the unheated control individuals the 
number is 01. For the individual of which one valve is heated to 300° C the number is 02. For individuals 
with a valve heated to 400° C the number is 03, and those heated to 500° C were designated 04. At the 
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end of the number an L was given for left-sided valves, and an R for right-sided valves, to distinguish 
each valve in an individual specimen (Table 3.1).  
Table 3.1. Specimen identification designations. 
Genus Valve Side Purpose Specimen ID 
Clinocardium R control LAR-CLIN-01R 
Clinocardium L control LAR-CLIN-01L 
Clinocardium R control LAR-CLIN-02R 
Clinocardium L heated to 300°C LAR-CLIN-02L 
Clinocardium R control LAR-CLIN-03R 
Clinocardium L heated to 400°C LAR-CLIN-03L 
Clinocardium R control LAR-CLIN-04R 
Clinocardium L heated to 500°C LAR-CLIN-04L 
Leukoma R control LAR-LEUK-01R 
Leukoma L control LAR-LEUK-01L 
Leukoma R control LAR-LEUK-02R 
Leukoma L heated to 300°C LAR-LEUK-02L 
Leukoma R control LAR-LEUK-03R 
Leukoma L heated to 400°C LAR-LEUK-03L 
Leukoma R control LAR-LEUK-04R 
Leukoma L heated to 500°C LAR-LEUK-04L 
Saxidomus R control LAR-SAXI-01R 
Saxidomus L control LAR-SAXI-01L 
Saxidomus R control LAR-SAXI-02R 
Saxidomus L heated to 300°C LAR-SAXI-02L 
Saxidomus R control LAR-SAXI-03R 
Saxidomus L heated to 400°C LAR-SAXI-03L 
Saxidomus R control LAR-SAXI-04R 
Saxidomus L heated to 500°C LAR-SAXI-04L 
Ostrea R control LAR-OSTR-01R 
Ostrea L control LAR-OSTR-01L 
Ostrea R control LAR-OSTR-02R 
Ostrea L heated to 300°C LAR-OSTR-02L 
Ostrea R control LAR-OSTR-03R 
Ostrea L heated to 400°C LAR-OSTR-03L 
Ostrea R control LAR-OSTR-04R 
Ostrea L heated to 500°C LAR-OSTR-04L 
 
I then weighed each valve to the hundredth of a gram, and photographed each pair of valves. I 
decided to only test one half of each valve, so that the other half would be left for further testing if 
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necessary. The Ostrea valves were not halved, as they were too small to retain an extra portion. For each 
taxon three left valves were set aside for heating. Each of the 20 valves that were not heated was cut in 
half with the rock saw in the basement of the Geology Department at Western Washington University. 
The left side of these valves was set aside and not used. The other 12 valves were divided in half after 
they were heated.  
3.1.4 Heating and Pulverization. I heated the shells in two Sentry Express 3.0 furnaces in the 
Geology Department of Western Washington University. One left valve of each taxon was heated 
together. The shells were placed in each crucible with the interior of the shell oriented upward. I heated 
the 300° and 400° C samples simultaneously in each of the two furnaces. Once the furnaces reached their 
respective temperatures, I placed the four crucibles inside with a pair of metal tongs. Opening the furnace 
door lowered the temperature, so I started a one hour timer after the oven reached its proper temperature 
again which took a few minutes. The day after I heated specimens to 300° and 400° C, I heated my 
remaining valves to 500° C using the same technique. Before the valves to be heated to 500° made it to 
the furnace, I accidentally dropped the Saxidomus gigantea and Clinocardium nuttallii, each of which 
fractured into about three pieces. I don’t think this had any significant effects on my results, as the shells 
naturally fragment during the heating process. For all three trials, the shells started crackling and popping 
within one minute of being placed in the furnace. Over the course of the hour long heating the shells also 
gave off a smell similar to burning hair. The smell and crackling continued for the duration of heating. 
After one hour I removed the crucibles from the furnace and allowed them to cool at room temperature. 
After removal from the furnace I photographed each heated specimen, and weighed them.  
I allowed heated specimens to cool overnight in ambient temperatures, and then pulverized them. In 
order to perform X-ray diffraction and mass spectrometry, the specimens had to be pulverized to a 
particle size of less than 150 microns. The specimens I pulverized first were the unaltered oyster valves. 
My intention had been to grind them by hand with a ceramic pestle and a mortar, but the nacre was 
resistant to pulverization using this method. I therefore decided to grind the samples in the Spex Mixer 
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Mill in the Geology Department at WWU. I had not chosen this approach initially because the steel 
chamber has the potential to introduce traced contaminants of iron (Fe), manganese (Mn), nickel (Ni), 
vanadium (V), and chromium (Cr). I did this for each subsequent unaltered oyster sample. I fragmented 
each oyster valve with a hammer, placed it into a single-ended steel chamber, and then pulverized with 
the Mixer Mill for 10 minutes. I found that pulverized calcium carbonate stuck to the inside wall of the 
chamber, and between each specimen, I had to scrub it with a wire brush, fill it with sand, and run it in the 
Mixer Mill for about five minutes before it became clean. I pulverized all of my unheated samples this 
way, as well as samples heated to 300° C, as I found that they were all too hard to completely pulverize 
by hand. Specimens heated to 400° and 500° C were easier to grind with a pestle and mortar, so this is the 
method I used for these samples. After I completed the pulverization for each specimen, I put it in a 2x3 
inch bag labeled with a specimen ID number.  
3.1.5 X-Ray Diffraction. X-ray Diffraction (XRD) can be used to determine which mineral or 
minerals a crystalline substance is made of. A crystal is made up of a periodic arrangement of planes of 
atoms, which is called its crystal structure. The distance between these planes is called the d-spacing and 
can be measured using X-rays. For each mineral the crystal structure detected by XRD will show a 
distinct pattern that is unique to that mineral. The wavelength of an X-ray, which is about 1 Å, is 
comparable to the distance between atomic planes in a mineral. When X-rays are directed to the surface 
of a mineral, they are diffracted at an angle by the planes of atoms (Figure 3.6). This angle is denoted 
with the symbol θ. The wavelength of X-rays and the d-spacing are related by the Bragg equation: 
Λ=2dsinθ 
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Figure 3.6. Two X-rays are diffracted by two planes of atoms in the crystal, which are spaced d 
apart. The angle between the diffracted X-ray and the plane is θ, and λ is the wave-length of the X-
ray, adapted from Nesse 2012. 
 
 For my analysis I conducted a powder method that uses a pulverized sample to determine the 
mineralogy. A sample is prepared by crushing a few tenths of a gram into 150 micron particles and 
packing it into the well of a sample holder. Packing the powder into a well randomizes the orientations of 
the grains so that representative intensities of each d-spacing can be found. The intensities are recorded in 
terms of 2θ. A diffraction peak pattern emerges as intense peaks are recorded in the most common d-
spacings measured in the mineral. Intensity is recorded on the y-axis and 2θ on the x-axis. The relative 
intensities of peaks at certain 2θ values are diagnostic of particular minerals (Nesse 2012; Suryanarayana 
and Norton 1998; Zolotoyabko 2014). If a sample is mostly aragonite, the most intense peaks on the XRD 
pattern will be at 26.2° and 27.2° 2θ. Minor amounts of calcite can be found by the presence of a peak at 
29.5°. It won’t be the most intense peak as it would be if the majority of the compound was composed of 
calcite, but its present indicates a degree of calcite in the sample. If the majority of the sample is calcite, 
less intense peaks will still appear at 26.2° and 27.2°, which indicates the existence of some aragonite. 
The most intense peak will occur at 29.5° in samples made up only of calcite. 
 I conducted XRD on each of my 32 samples on a Rigaku Geigerflex in the Geology Department 
of Western Washington University. Each sample was packed into the well of a metal sample holder. I set 
the 2θ range from 20°=2θ to 65°=2θ. The diagnostic and most intense peaks of aragonite occur at 26.2° 
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2θ and 27.2°, with one more intense peak at 33.1° (Ye et al. 2012). Calcite has one very intense diagnostic 
peak at 29.5° 2θ. Two more intense peaks occur at 47.7° and 48.7° (Zolotoyabko et al. 2010). Lime (CaO) 
has intense peaks occurring at 37.4°, 38.32°, and 53.35° 2θ (Fiquet et al. 1999). For each of my samples I 
have determined the presence of a mineral by examining the 2θ values of the most intense peaks, and by 
identifying the presence of peaks at the diagnostic 2θ values for other minerals.  
3.1.6 Isotopes and Mass Spectrometry at UCSB Marine Research Institute. The ratios of stable carbon 
and oxygen isotopes of each of the 32 valves were measured at the University of California Santa 
Barbara’s Marine Research Institute. Ten milligrams of powdered shell of each specimen was subjected 
to Gas Bench Mass Spectrometry. Mass spectrometry is a method to obtain the relative numbers of each 
isotope of an atom in a sample (Ebbing and Gammon 2009). The mass 18O is 18 atomic mass units (amu), 
while the mass of 16O is 16. This is the same with carbon, as 12C and 13C have atomic masses of 12 and 13 
amu, respectively. The abundance ratios of oxygen and carbon are then compared to a standard. The 
current carbonate standard is the Vienna PDB (VPDB). The initial standard, the Pee Dee Belemnite 
(PDB) is no longer in use. The PDB was obtained from the CO2 of a fossilized Belemnitella from the 
Cretaceous Pee Dee formation. The difference in oxygen and carbon isotope ratios is obtained between 
the standard and the tested specimen. The Vienna Standard Mean Ocean Water (VSMOW) is another 
standard used to calculate δ18O. 
Three standards were also tested after every five specimens of shell. These standards are 0.3% CO2 
gas from a house gas tank, Getty Rock Carbonate, and NBS19 carbonate. These standards have known 
δ18O and δ13C values, and are used to ensure that accurate data is being obtained from the samples with 
unknown δ18O and δ13C values. The precision limits I am using to interpret my isotope data come from 
the least precise standard deviation of the three standards that were run with my samples. For the δ13C 
VPDB, the least precise standard deviation (0.05) came from the in-house gas. I decided to use the second 
standard deviation from the mean to interpret my results, to capture a more conservative estimate of the 
analytical uncertainty (i.e. 95% confidence interval around the mean). As long as the difference between 
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isotope values of the two valves of an individual falls within two standard deviations from the mean, the 
difference between the two valves is considered indistinguishable given uncertainty associated with the 
instrument.  
For the δ13C, my precision limit is then 0.01. The precision limits of both the δ18O VSMOW and δ18O 
VPDB come from the NBS19 standard. The least precise standard deviation of the oxygen values of the 
standards actually occurred in the CO2 gas, but an error occurred during testing, so the number obtained is 
not an accurate representation. The standard deviation of the NBS19 carbonate was the second least 
precise, with a value of 0.13 for results in both VSMOW and VPDB. For all of the oxygen results, I used 
a precision limit of 0.26 to determine whether or not there was a change in isotope ratios before and after 
heating.   
3.2 Analysis of Archaeological Shell 
 
As part of the National Science Foundation funded project, Impacts of Abrupt Environmental Change 
on North Pacific Human Ecosystem Dynamics using High Resolution Zooarchaeological Records from 
Coastal Washington, Dr. Sarah Campbell selected eleven whole valve samples of the genera Saxidomus 
and Leukoma for analysis at the Stable Isotope Lab of the Department of Geology at Union College for 
δ18O and δ13C analysis. According to Dr. Brendan J. Culleton, a post-doctoral scholar at the Department 
of Anthropology, Penn State University, the initial analysis of a Leukoma valve, showed almost no 
variation in the δ18O, which is an unexpected result. Growth rings were measured in two mm intervals 
between zero and 22 mm from the edge of the shell for each specimen examined. When graphed, the data 
for the δ18O and δ13C of the Saxidomus valve exhibited the expected oscillatory pattern, as did the data for 
the δ13C analysis of the Leukoma valve. However, this is not the case for the results of the δ18O of the 
Leukoma valve. Instead, the part of the graph representing data from 18 to 8 mm from the edge of the 
shell is essentially flat. This pattern might indicate isotope depletion. In a normal shell the ratio of 18O to 
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16O fluctuates in seasonal growth rings in a predictable pattern. Based on this anomalous result of isotope 
testing of a shell from the Tse-Whit-Zen Village site, I conducted a series of chemical and mineralogical 
analyses on shells from the same proveniences as the Leukoma and Saxidomus valves selected for isotope 
analysis. However, after my analysis was conducted, the Leukoma valve that initially returned an 
anomalous result was retested and the result was normal.   
3.2.1. Sample Selection and Preparation. Whole valves of Saxidomus and Leukoma shells were 
selected in December 2013 for isotope analysis based on their proximity to the proveniences of 
radiocarbon dates in Block A, Area 4 of the Tse-Whit-Zen Village site (Figure 3.7) (Table 3.2). These 
whole valves were selected from seven distinct proveniences. I selected seven body fragments of 
Leukoma from the same proveniences because it was most practical to analyze the mineralogy of shells 
related to the valves sent for isotope analysis, since I could not analyze the actual valves themselves. I 
noticed that the Saxidomus shells from all of the seven proveniences appeared have undergone some 
dissolution, but did not have any other obvious signs of alteration. All of the Leukoma whole valves and 
body fragments had a degree of brownish-orange, mottled spots on them. I chose to analyze seven body 
fragments of Leukoma from the quarter inch size fraction of the seven locations where the whole 
Saxidomus and Leukoma valves were selected (Table 3.3). I chose to analyze Leukoma only because body 
fragments of Saxidomus are difficult to identity without an attached hinge, so there were very few 
available. The specimens were the most practical size for Scanning Electron Microscopy coupled with 
Energy Dispersive X-ray Spectrometry (SEM/EDX) analysis, because I could analyze multiple specimens  
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Figure 3.7. Area A, Block 4 of the Tse-Whit-Zen site, with the units from where the selected 
specimens came from outlined in red, adapted from Reetz et al. 2006. 
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Table 3.2. Proveniences and sizes of whole valves from the Tse-Whit-Zen Village Site 
(45CA523) selected for isotope analysis. 
Unit Stratum Level Taxon Catalog Number 
Specimen 
Length 
(cm) 
Specimen 
Height 
(cm) 
Hinge 
Height 
(cm) 
Hinge 
Width 
(cm) 
2 5.1.2 2 Leukoma 
WS-
2639.99.01.10 
4.79 3.80 0.51 2.60 
2 5.1.2 2 Saxidomus 
WS-
2639.99.01.10 
10.09 8.32 0.85 6.54 
2 3.0 1 Leukoma 
WS-
8456.99.01.10 
4.38 3.70 0.49 2.66 
2 5.2 1 Saxidomus 
WS-
9540.99.01.10 
5.92 4.39 0.40 2.60 
5 5.1.1 2 Leukoma 
WS-
15725.99.01.10 
4.09 3.23 0.30 2.11 
5 5.1.1 2 Saxidomus 
WS-
15725.99.01.10 
5.96 4.10 0.31 3.10 
5 5.1.1 1 Leukoma WS-853.99.01.10 4.38 3.60 0.42 2.60 
5 5.1.1 1 Saxidomus WS-853.99.01.10 8.10 5.90 0.55 5.15 
7 6.2 1 Leukoma 
WS-
3884.99.01.10 
4.10 3.29 0.35 2.37 
7 6.2 1 Saxidomus 
WS-
3884.99.01.10 
6.40 4.90 0.48 3.50 
7 5.1 3 Leukoma 
WS-
5618.99.01.10 
4.11 3.40 0.40 2.49 
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Table 3.3. Proveniences and dimensions of Leukoma fragment specimens selected from the 
Tse-Whit-Zen Village Site (45CA523) collection that I have selected for SEM/EDX and XRD. 
Unit Stratum Level Catalog Number 
Specimen 
Length (cm) 
Specimen 
Height (cm) 
Specimen 
Weight (g) 
2 5.1.2 2 WS-2639.99.04.10 0.96 0.96 0.18 
2 3.0 1 WS-8456.99.04.10 0.85 0.76 0.18 
2 5.2 1 WS-9540.99.04.10 1.32 1.30 0.27 
5 5.1.1 2 
WS-
15725.99.04.10 
0.90 0.99 0.26 
5 5.1.1 1 WS-853.99.04.10 1.47 1.04 0.31 
7 6.2 1 WS-3884.99.04.10 1.18 0.87 0.08 
7 5.1 3 WS-5618.99.04.10 0.84 1.07 0.12 
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at a time in the small SEM chamber. The shell fragments also were large enough for analysis with X-ray 
Diffraction (XRD). I chose a sample from bag at random, with the exception of one fragment from 
catalog number WS-8456.99.04.10 that I intentionally selected because it was visibly blackened. I took 
length and width measurements of each of the seven specimens. In order to conduct XRD on the 
archaeological shells, I had to pulverize them. Destructive analysis approval from the Burke Museum and 
the Washington State Department of Transportation. To mitigate the loss of the archaeological specimens, 
I took photographs of both sides of each shell, weighed them, and took length and width measurements. 
With a Scherr-Tumico Vernier Caliper I measured length parallel to radial lines on the exterior of the 
shell, and the width parallel to the concentric lines, to the nearest one-hundredth of a cm. I then weighed 
each fragment to the nearest centigram with a Fisher Scientific XT Top Loading Balance. Before 
photographing each fragment, I washed them with distilled water, to remove dirt and debris that was 
adhered to the shell, and allowed them to air dry. Each fragment was designated with its original bag 
number. I conducted SEM/EDX and XRD on all seven of the specimens. Because X-ray diffraction is a 
destructive process, I conducted the SEM/EDX analysis first.  
3.2.2 Scanning Electron Microscopy. Scanning electron microscopy (SEM) is a means of obtaining 
high resolution images of small objects. Additionally, because it involves the detection of electrons that 
are emitted from the surface of the specimen, a chemical analysis can be done by measuring the X-rays 
that are produced. The electron column of the scanning electron microscope contains an electron gun, 
which generates electrons, and two or more electron lenses, that control the path of the electron beam. At 
the bottom of the column is a vacuum that removes gas atoms from the electron path, so that electrons do 
no collide with the atoms on their way to the sample. Only about one in 10,000 electrons is lost in this 
way before it hits the specimen. The electron gun controls the acceleration rate of the electron beam, as 
well as the focus of the area of the specimen to be examined. The energy range of which the electrons are 
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accelerated falls between 0.1 to 30 KeV, which can detect an area on the specimen in the order of microns 
(Figure 3.8) (Goldstein et al. 2003).  
 
Figure 3.8. Diagram of a scanning electron microscope, adapted from Nesse 2012. 
 
Once the electron beam is emitted, it strikes the sample and causes the ejection of electrons from the 
K shell of the specimen’s atoms. The K shell contains the electrons that are closest to the nucleus of the 
atom (Ebbing and Gammon 2007). These ejected electrons are called secondary electrons (SE). When 
electrons scatter laterally, it is called elastic scattering. This can result in what is called backscattering, 
when a beam of electrons leaves the sample this way. This method of detecting backscattered electrons 
(BSE) can be useful for determining the type of composition in a sample, as backscattering increases with 
atomic number (Goldstein et al. 2003; Nesse 2012). In a geologic sample the more mafic minerals will 
appear brighter, and the more felsic ones darker. Two different detectors collect SE and BSE. When the 
electrons strike the detector, they emit a pulse of light, which is recorded as a count by the detector. To 
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create an image, the electron beam is swept across the sample, one line after another, until an image is 
generated at the control console screen (Goldstein et al. 2003; Nesse 2012).  
Another method that can be used in conjunction with the imaging of the SEM is Energy Dispersive 
X-ray Spectroscopy (EDX). This method provides a qualitative and quantitative chemical analysis of the 
specimen. When an electron is omitted from the K shell of an atom, an electron from a higher energy 
shell replaces it. When this happens, energy is emitted in the form of an X-ray. These X-rays are unique 
for each element. The highest energy peaks occur when an electron from the adjacent L shell replaces the 
vacancy in the K shell. These are called Kα peaks. I used these to determine the presence of an element in 
my specimens. Another set of peaks are detectable in my X-ray pattern, Kβ, which occur when an 
electron from the M shell, which is the second nearest to the K shell, fills the vacancy in the K shell. The 
ratio of energy between a Kα peak and a Kβ peak is about 10:1 (Goldstein et al. 2003). Both the atomic 
percentages and weight percentages are calculated to provide a relative abundance of each element in the 
specimen. 
I conducted EDX analysis on seven specimens from the Tse-Whit-Zen Village site, one from each of 
the significant proveniences. I chose to forgo SEM imaging of my samples, and instead focused on 
obtaining a chemical abundance using EDX. It is common to coat specimens with palladium and gold 
before conducting any SEM work, so that a charge does not build on the samples. I did not coat the 
samples so that foreign materials would not be detected during my analyses with EDX and XRD. 
Specimens were set three or four at a time on the stage of the SEM, and were not secured with adhesive. 
For each sample I collected chemical data from two or three arbitrary points that measured about 0.33 
mm2 in area. I marked the points on the photographs of the shell fragments where EDX data was 
obtained.  
From the archaeological fragment from WS-2639.99.04.10, I collected elemental data from two 
points. I wanted to get a better idea of what might be causing the orange mottling on the interior side of 
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the shell, so I took a sample from a 3mm2  section, and another sample from a point 0.33 mm2 in area 
(Figure 3.9).  
 
Figure 3.9. The points on the specimen from WS-2639.99.04.10 where EDX analysis was conducted. 
 
The area of measurement for each subsequent sample was a point 0.33 mm2 . From the specimen 
from catalog number WS-8456.99.04.10, I obtained data from three points (Figure 3.10).  
 
Figure 3.10. Specimen from WS-8456.99.04.10 and the three points from which chemical data was 
collected. 
 
The next specimen analyzed was from WS-9540.99.04.10. Three points were analyzed on the exterior 
of this fragment, as the exterior was an unusual dark orange color (Figure 3.11).  
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Figure 3.11. Specimen from WS-9540.99.04.10 and the points on the surface of the shell where 
chemical data was obtained. 
 
I selected two points from the interior of the fragment from WS-15725.99.04.10, for EDX analysis 
(Figure 3.12).  
 
Figure 3.12. Specimen from WS-15725.99.04.10 and the two points on the surface of the shell where 
chemical data was obtained. 
 
Three points were analyzed on the specimen from catalog number WS-853.99.04.10 (Figure 3.13). 
From the remaining two specimens, I took samples from two points on each. The specimens were from 
WS-3884.99.04.10 (Figure 3.14), and WS-5618.99.04.10 (Figure 3.15). A quantitative measurement of 
the elemental abundance in each sample was calculated in relative weight and atomic percentages. 
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Figure 3.13. Specimen from WS-853.99.04.10 and the three points where EDX data was obtained; 
this is the specimen from the same provenience as the whole Leukoma valve that returned an 
anomalous isotope result. 
 
Figure 3.14. Specimen from WS-3884.99.04.10 and the two points where EDX analysis was 
performed. 
 
Figure 3.15. Specimen from WS-5618.99.04.10 and the two points from which chemical data was 
obtained. 
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3.2.3 XRD. The shell fragments from the Tse-Whit-Zen Village Site (45CA523) produced far less 
powder to work with than the modern shells I experimented with, because they were a smaller. Because 
there was less material to work with, I had to conduct X-ray Diffraction through the Advanced Materials 
Science and Engineering Center at Western Washington University with a PANalytical PW3040PRO. I 
pulverized the specimens by hand with a pestle and mortar, and mounted them on glass microscope slides 
with petroleum jelly. There was not enough material to pack into a well, so these samples were prepared 
slightly differently than the previous non-archaeological shell. I analyzed my samples between 2θ values 
of 20 and 60. Just as in the previous samples, I wanted to be sure I could detect aragonite, calcite, and 
lime in these samples. I identified minerals in the diffraction pattern by analyzing the 2θ values of the 
diagnostic peaks of aragonite, calcite, and lime.  
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Chapter 4: Results and Discussion 
 
 I conducted my research in two parts: an experiment involving modern shells, and an analysis of 
archaeological shells. In the following sections I compare the mineralogy and isotopes of the modern 
experimental valves. I also compare the appearance of the heated shells with the unheated shells to see if 
there are major changes in the color of the shells after heating. In the second part of my research, I 
selected archaeological shell fragments from the Tse-Whit-Zen Village Site (45CA523) and conducted a 
mineralogy analysis with X-ray Diffraction (XRD). Dr. Sarah Campbell and I noticed what we thought 
might be evidence of burning of the shells from this site. I investigated whether or not some of the shell 
fragments were altered as a result of heat exposure. The results presented below indicate that there are 
significant changes in the isotope ratios between the heated and unheated biogenic aragonite valves. 
 
4.1 Results and Discussion of Experimental Heating of Modern Shells 
 
In the experimental part of my thesis, I collected a variety of data on heated and control valves, before 
and after heating. I examined the visible alteration in color of each valve after they were heated, and 
considered how these results fit in with how they compare to archaeological shell and what archaeologists 
may expect heated archaeological shell to look like. Before and after heating, I weighed the left valves, 
and compared their weight percentage lost in each temperature increment, to identify any loss of mass 
that is related to temperature increase. I then examined how the mineralogy differed between control 
valves and heated valves, and how this related to the changes in stable oxygen and carbon isotope 
composition of both the aragonite and calcite specimens. I also compared the isotopes between two 
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unaltered valves of an individual from each of the four taxa in order to understand how the isotopes 
between valves vary initially before they were altered by heat. 
4.1.1. Changes in Appearance and Mechanical Strength with Heating. Each of the Clinocardium 
nuttallii, Saxidomus gigantea, Leukoma staminea, and Ostrea lurida heated to 300° C turned a brownish 
orange. The Clinocardium had the most notable change, as it darkened more than the other specimens, 
and cracked between two ribs (Figure 4.1). The Saxidomus also cracked in a lattice pattern extending 
from the umbo, and in a radial pattern along the outer margin of the valve. It also turned an orange color, 
though did not darken as much as the Clinocardium (Figure 4.2). The interior of the Leukoma valve 
darkened more than the exterior, with the most color saturation occurring along the pallial line and the 
muscle scars. Fractures occurred in a radial pattern on the outer margin (Figure 4.3). The Ostrea heated to 
300° C did not crack at all, but did darken slightly (Figure 4.4).  
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Figure 4.1. Above: left Clinocardium valve inside and outside, below: the same valve inside and 
outside after it was heated to 300° C for one hour. 
 
 
Figure 4.2. Above: left Saxidomus valve inside and outside, below: the same valve inside and outside 
after it was heated to 300° C for one hour. 
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Figure 4.3. Above: left Leukoma valve inside and outside, below: the same valve inside and outside 
after it was heated to 300° C for one hour. 
 
 
Figure 4.4. Above: left Ostrea valve inside and outside, below: the same valve inside and outside 
after it was heated to 300° C for one hour. 
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Of the samples heated to 400° C for one hour, the Clinocardium and Ostrea underwent the most 
obvious visual change. The Clinocardium was especially darker along the outer margin of the exterior of 
the shell. The interior turned shades of brown and blue, and started to flake away (Figure 4.5). The 
exterior of the Saxidomus did not appear to change very much in color, with the exception of some slight 
darkening. It did fracture from the umbo to the midpoint in the shells length. The interior of the valve had 
a more obvious darkening along the muscle scars and the pallial line, as well as more fracturing in a 
dendritic pattern from the umbo (Figure 4.6). More fragmenting was observed on the exterior of the 
Leukoma valve, as the outer layer became separated from the intermediate layer near the outer margin. 
The exterior lightened in color, while the interior darkened slightly (Figure 4.7). The exterior of the 
Ostrea valve appeared lighter in color, and the interior became slightly iridescent (Figure 4.8). Also all 
four specimens heated to this temperature were considerably easier to grind in a pestle and mortar than 
those heated to 300° C. This could be the result of the release of organic compounds as they degrade and 
dissipate with heat (Pokroy et al. 2007). 
Valves heated to 500° C all appeared charred. I accidentally dropped the Clinocardium and 
Saxidomus valves before heating, and they each broke into multiple pieces. As the other shells have 
heated, they have cracked slightly, but the pieces of the two valves I dropped did not crack further, 
probably because they were already broken. The Clinocardium turned a dark grey color (Figure 4.9), 
while the Saxidomus did not char as much, but turned black along the pallial line and muscle scars (Figure 
4.10). The Leukoma cracked in a dendritic pattern extending from the umbo, causing the umbo to separate 
from the rest of the valve (Figure 4.11). The Ostrea valve also appeared charred. The interior and exterior 
both turned gray, except the muscle scar, which turned black (Figure 4.12).   
I found that each specimen that was heated underwent changes in color and mechanical strength. I did 
not do any rigorous testing on mechanical strength, but I did notice a difference in friability and fracturing 
while I was pulverizing the shells. Regardless of taxon, all specimens heated to 300° C were noticeably 
more difficult to crush than those heated to 400° and 500° C. While specimens heated to 300° C were 
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slightly easier to pulverize with a pestle and mortar than unheated specimens, it was still necessary to 
grind them in the Spex Mixer Mill, as they did retain too much of their mechanical strength to grind to 
150 microns particles in a reasonable amount of time. All valves heated to 400° and 500° C were easier to 
grind with the pestle and mortar than all of the other valves. While specimens heated to 300° C retained 
much of their mechanical strength, they underwent the most obvious change in color.  
Although all of the shells were visibly altered after heating, I am unsure of how many of these 
changes could be distinguished from the other taphonomic processes that archaeological shells are 
exposed to. In my experiment, shells did not appear to char, or turn black, when exposed to temperatures 
of 400° C and below.  
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Figure 4.5. Above: left Clinocardium valve inside and outside, below: the same valve inside and 
outside after it was heated to 400° C for one hour. 
 
 
Figure 4.6. Above: left Saxidomus valve inside and outside, below: the same valve inside and outside 
after it was heated to 400° C for one hour. 
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Figure 4.7. Above: left Leukoma valve inside and outside, below: the same valve inside and outside 
after it was heated to 400° C for one hour. 
 
 
Figure 4.8. Above: left Ostrea valve inside and outside, below: the same valve inside and outside 
after it was heated to 400° C for one hour. 
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Figure 4.9. Above: left Clinocardium valve inside and outside, below: the same valve inside and 
outside after it was heated to 500° C for one hour. The fragmentation of the shell before heating is 
due to my dropping it. 
 
Figure 4.10. Above: left Saxidomus valve inside and outside, below: the same valve inside and 
outside after it was heated to 500° C for one hour. Fragmentation is due to dropping before heating, 
and not an effect of heating. 
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Figure 4.11. Above: left Leukoma valve inside and outside, below: the same valve inside and outside 
after it was heated to 500° C for one hour. 
 
Figure 4.12. Above: left Ostrea valve inside and outside, below: the same valve inside and outside 
after it was heated to 500° C for one hour. 
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4.1.2. Changes in Weight with Heating. In order to try to understand more about how the valves 
change when they are heated, I weighed the left valves before and after I heated them to determine 
percentage of mass lost (Table 4.1). It appears as though the valves lost minimal mass during heating. 
When CaCO3 is heated to temperatures exceeding 800° C, it can convert to CaO (lime) and CO2. The 
gaseous CO2 dissipates into the atmosphere, leaving the solid CaO. This conversion process can cause a 
weight loss of up to 55% (Mohamed et al. 2012). Considering that the specimens only lost mass on the 
order of parts per 10,000, or a hundredth of a percent, it is unlikely a conversion to CaO was occurring at 
these low temperatures.  
Table 4.1. Percentage of mass loss of the left valves during heating. 
Temp ˚C Taxa 
Weight Before 
Heating (g) 
Weight 
After 
Heating (g) 
Percentage of 
Total Weight 
Loss (g) 
300 Clinocardium 27.65 26.81 0.03 
 
Leukoma 16.93 16.54 0.02 
 
Saxidomus 22.08 21.33 0.03 
 
Ostrea 3.58 3.46 0.03 
400 Clinocardium 24.78 23.65 0.05 
 
Leukoma 22.94 21.85 0.05 
 
Saxidomus 35.22 33.97 0.04 
 
Ostrea 3.07 2.83 0.08 
500 Clinocardium 19.78 18.94 0.04 
 
Leukoma 17.72 17.06 0.04 
 
Saxidomus 21.98 21.27 0.03 
 
Ostrea 3.28 3.13 0.05 
 
4.1.3. Changes in Mineralogy with Heating. In all of the control valves of Clinocardium, Saxidomus, 
and Leukoma, only aragonite was detected. In all of these specimens, intense peaks, relative to all of the 
peaks found, were detected with X-ray Diffraction at 2θ values of 26.2° and 27.2°. This is diagnostic of 
aragonite. Calcite was the only mineral detected in the five control valves of the Ostrea, which is evident 
in the diffraction pattern, the most intense peak occurring at 29.5° 2θ.  
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In the diffraction pattern for the Clinocardium heated to 300° C, aragonite was the only detectable 
mineral. However there was an intense peak at 29.5° in the diffraction pattern of the Saxidomus heated to 
300° C, and a minor detectable peak of calcite in the Leukoma. Calcite was the only detectable mineral in 
the Ostrea heated to 300° C. All three of the biogenic specimens heated to 400° C had a diffraction 
pattern that is almost entirely calcite. There are trace peaks of aragonite in the Clinocardium and 
Saxidomus, and minor aragonite in the Leukoma. Only calcite was detected in the Ostrea valve. All four 
of the left valves heated to 500° C were all composed of calcite. There was no detectable aragonite in any 
of the diffraction patterns. There was also no CaO (lime) detected in these valves.  
To summarize the changes in mineralogy per taxa, the Clinocardium did not start to recrystallize until 
it was heated to 400° C. After it was heated to 500° C, though, it was completely recrystallized (Figure 
4.13). The Saxidomus showed evidence of recrystallization from aragonite to calcite at 300° C, and was 
almost fully recrystallized when heated to 400° C (Figure 4.14). The Leukoma also started to recrystallize 
into calcite at 300° C, and was also almost fully recrystallized at 400°C (Figure 4.15). Both the 
Saxidomus and Leukoma were both fully recrystallized into calcite after they were heated to 500° C. The 
mineralogy of the Ostrea remained calcite for each temperature at which it was heated (Figure 4.16). 
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Figure 4.13. Evolution of the mineralogy of the left valves of Clinocardium, starting with the 
unheated control at 20° C (room temperature), and the valves heated to 300°, 400°, and 500° C. I 
did not have quantified data for the relative amounts of aragonite to calcite, so I represented the 
amounts based on the peak intensities on the diffraction pattern for the purpose of creating a visual 
representation of the changes in mineralogy with temperature. 
 
 
Figure 4.14.  Evolution of the mineralogy of the left valves of Saxidomus, starting with the unheated 
control at 20° C (room temperature), and the valves heated to 300°, 400°, and 500° C. I did not have 
quantified data for the relative amounts of aragonite to calcite, so I represented the amounts based 
on the peak intensities on the diffraction pattern for the purpose of creating a visual representation 
of the changes in mineralogy with temperature. 
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Figure 4.15. Evolution of the mineralogy of the left valves of Leukoma, starting with the unheated 
control at 20° C (room temperature), and the valves heated to 300°, 400°, and 500° C. I did not have 
quantified data for the relative amounts of aragonite to calcite, so I represented the amounts based 
on the peak intensities on the diffraction pattern for the purpose of creating a visual representation 
of the changes in mineralogy with temperature. 
 
 
Figure 4.16. Evolution of the mineralogy of the left valves of Ostrea, starting with the unheated 
control at 20° C (room temperature), and the valves heated to 300°, 400°, and 500° C. No aragonite 
was detected in any Ostrea valve. 
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 4.1.4. Changes in Isotopes with Heating. The results of Gas Bench Mass Spectrometry at the 
University of California Santa Barbara’s Marine Research Institute are reported below (Table 4.2). The 
δ18O results of the control valve comparisons (valves identified at 01L and 01R) showed that there were 
no significant differences between valves in the isotope composition for unheated valves of all three 
aragonite taxa and the calcite oysters. However, the results of the δ13C indicated more variation between 
the two valves of a single individual. Of the unheated control individuals, the Clinocardium and the 
Ostrea had a significant difference in δ13C between valves, but the Leukoma and Saxidomus did not. The 
carbon isotope ratios between the valves of the control Leukoma and Saxidomus were not significantly 
different, but those of the Clinocardium and the Ostrea were, although, with values of 0.11 and 0.15 ‰ 
VPDB respectively, they didn’t deviate much from the precision limit of 0.10‰ VPDB (Table 4.3). 
Between unheated control valves there was not a significant difference in δ18O values reported in both 
VSMOW and VPDB (Table 4.4). 
Table 4.2. Results of isotope testing reported as a difference between the values of the standard 
identified in the column heading (VPDB or VSMOW), and the results of the three standard types 
that were run after every five shell specimens. Standards are shown in the shaded cells. 
Sample Carbon Oxygen 
ID 
13C 
VPDB 
‰
18O 
VSMOW 
‰
18O 
VPDB 
‰
0-3% CO2 1 -34.74 -1.76 -31.70 
0-3% CO2 2 -34.75 -2.01 -31.94 
GR 1 1.97 29.14 -1.72 
GR 2 1.94 29.17 -1.69 
NBS19 1 1.95 28.85 -2.01 
NBS19 2 1.94 28.61 -2.24 
LAR-CLIN-01L -0.80 29.30 -1.57 
LAR-CLIN-01R -0.69 29.19 -1.68 
LAR-CLIN-02L -0.95 29.09 -1.78 
LAR-CLIN-02R -0.72 29.21 -1.66 
LAR-CLIN-03L -1.32 28.83 -2.03 
0-3% CO2 3 -34.64 2.53 -27.54 
GR 3 1.96 29.16 -1.70 
NBS19 3 1.95 28.69 -2.16 
LAR-CLIN-03R -0.86 29.09 -1.77 
 
 
74 
Table 4.2 Continued 
LAR-CLIN-04L -1.05 27.72 -3.10 
LAR-CLIN-04R -0.78 29.09 -1.77 
LAR-LEUK-01L -1.07 29.24 -1.63 
LAR-LEUK-01R -0.97 29.09 -1.77 
0-3% CO2 4 -34.66 1.44 -28.60 
GR 4 2.02 29.13 -1.74 
NBS19 4 1.93 28.43 -2.42 
LAR-LEUK-02L -0.03 28.84 -2.02 
LAR-LEUK-02R -0.29 28.81 -2.05 
LAR-LEUK-03L -0.75 28.48 -2.37 
LAR-LEUK-03R -0.88 29.41 -1.46 
LAR-LEUK-04L -0.86 28.06 -2.77 
0-3% CO2 5 -34.65 0.44 -29.56 
GR 5 2.00 29.08 -1.79 
NBS19 5 2.00 28.49 -2.36 
LAR-LEUK-04R -0.94 29.27 -1.60 
LAR-SAXI-01L -0.31 29.27 -1.60 
LAR-SAXI-01R -0.34 29.34 -1.53 
LAR-SAXI-02L -0.48 29.00 -1.86 
LAR-SAXI-02R -0.47 29.00 -1.86 
0-3% CO2 6 -34.70 -0.73 -30.70 
GR 6 1.97 29.14 -1.73 
NBS19 6 1.92 28.76 -2.10 
LAR-SAXI-03L -0.59 28.18 -2.66 
LAR-SAXI-03R -0.40 29.55 -1.33 
LAR-SAXI-04L -0.90 28.23 -2.61 
LAR-SAXI-04R -0.60 29.13 -1.74 
LAR-OSTR-01L -0.07 28.40 -2.44 
0-3% CO2 7 -34.73 -0.19 -30.18 
GR 7 1.92 29.17 -1.70 
NBS19 7 1.94 28.63 -2.22 
LAR-OSTR-01R 0.08 28.46 -2.39 
LAR-OSTR-02L 0.26 28.46 -2.38 
LAR-OSTR-02R 0.17 28.55 -2.30 
LAR-OSTR-03L 0.01 28.38 -2.47 
LAR-OSTR-03R 0.17 28.45 -2.39 
0-3% CO2 8 -34.78 -2.15 -32.08 
GR 8 2.00 29.07 -1.79 
NBS19 8 1.97 28.72 -2.13 
LAR-OSTR-04L -0.10 28.36 -2.49 
LAR-OSTR-04R -0.09 28.72 -2.13 
0-3% CO2 9 -34.72 -1.33 -31.29 
GR 9 1.93 29.05 -1.82 
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Table 4.2 Continued 
NBS19 9 1.94 28.68 -2.18 
 
Table 4.3. Result of isotope analysis of the two unheated left and right control valve pairs for 
carbon and oxygen, where D is the difference in values between the left and right valves. For 
carbon the significance value is 0.10‰, and 0.26‰ for oxygen. 
Genus 
D δ13C 
VPDB 
‰ 
D δ18O 
VSMOW 
‰ 
D δ18O 
VPDB 
‰ 
Clinocardium 0.11 0.11 0.11 
Saxidomus 0.02 0.08 0.07 
Leukoma 0.10 0.14 0.14 
Ostrea 0.15 0.06 0.06 
 
The isotope results for valves heated to 300° C also showed a more varied result for carbon than 
oxygen. Based on the precision limit of 0.26 for both δ18O VPDB and VSMOW, for all of the taxa, the 
oxygen isotope ratios were not significantly different between heated left valves and the unheated right 
controls (Table 4.4). The δ13C between heated valves and the controls did not vary significantly for the 
Saxidomus and Ostrea, but did for the Clinocardium and Leukoma.  
Table 4.4. Result of isotope analysis unheated right control valves and left valves heated to 300° C 
for carbon and oxygen, where D is the difference in values between the left and right valves. For 
carbon the significance value is 0.10‰, and 0.26‰ for oxygen. 
Genus 
D δ13C 
VPDB 
‰ 
D δ18O 
VSMOW 
‰ 
D δ18O 
VPDB 
‰ 
Clinocardium 0.24 0.12 0.12 
Saxidomus 0.01 0.00 0.00 
Leukoma 0.26 0.03 0.03 
Ostrea 0.09 0.08 0.08 
 
Each taxon responded to the heating to 400° C differently. For each biogenic aragonite taxa, there 
was a significant difference between δ13C values, and δ18O reported in VSMOW, between the control and 
heated valves. There was no significant change for the Ostrea valves in all three of the carbon and oxygen 
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results. These results were predictable. However, there was no significant change in δ18O VPDB for the 
Clinocardium, with a value of 0.25‰, which is within analytical uncertainty of 0.26‰. There were, 
however, significant changes in δ18O values VSMOW for the Leukoma and Saxidomus, with values of 
0.91‰ and 1.33‰, respectively (Table 4.5). 
Table 4.5. Result of isotope analysis unheated right control valves and left valves heated to 400° C 
for carbon and oxygen, where D is the difference in values between the left and right valves. For 
carbon the significance value is 0.10‰, and 0.26‰ for oxygen. 
Genus 
D δ13C 
VPDB 
‰ 
D δ18O 
VSMOW 
‰ 
D δ18O 
VPDB 
‰ 
Clinocardium 0.46 0.26 0.25 
Saxidomus 0.19 1.37 1.33 
Leukoma 0.13 0.93 0.91 
Ostrea 0.16 0.07 0.07 
 
The results of δ18O for valves heated to 500° C were predictable, but there was a significant 
difference between carbon isotope values of the Saxidomus and Clinocardium heated and control valves. 
There was not, however, between the Leukoma and the Ostrea. The Leukoma heated and control values 
differed by 0.08‰ and the Ostrea by 0.00‰. While the results of the carbon isotope analysis have been 
unpredictable for each taxon, it is possible that there was a sampling error with the Leukoma, and that the 
powered portion of it was not compositionally homogenous throughout. I may have selected a portion of 
the powdered Leukoma valve that was not compositionally representative of the entire shell, but only part 
of it. The result for the Ostrea valves is not surprising, considering that I did not expect them to 
recrystallize, or lose a significant amount of heavy isotopes. There was a significant difference in δ18O for 
all taxa heated to 500° C, including the Ostrea, for results in both VSMOW and VPDB (Table 4.6).  
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Table 4.6. Result of isotope analysis unheated right control valves and left valves heated to 500° C 
for carbon and oxygen, where D is the difference in values between the left and right valves. For 
carbon the significan4e value is 0.10‰, and 0.26‰ for oxygen. 
Genus 
D δ13C 
VPDB 
‰ 
D δ18O 
VSMOW 
‰  
D δ18O 
VPDB 
‰ 
Clinocardium 0.28 1.37 1.33 
Saxidomus 0.3 0.89 0.86 
Leukoma 0.08 1.21 1.17 
Ostrea 0 0.37 0.36 
 
 In order to understand the error in temperature calculations that can be made when conducting 
isotope analysis on shells that have been heated and altered, I calculated water temperatures using 
Grossman and Ku’s (1986) equation for correlating oxygen isotope ratios of a mollusk shell with water 
temperatures: 
T(°C) = 21.8 – 4.69(δ18Ocarbonate-δ18Owater) 
I calculated a water temperature for the unaltered valves labelled 04L and pair valves heated to 500° C 
labelled 04R for each aragonite taxa. I used δ18O results reported in VPDB, and assumed a water isotopic 
composition of -0.5‰ VPDB. I found that the water temperatures calculated for the unaltered Saxidomus 
valve and the valve heated to 500° C differed by 4.08° C, with calculated temperatures of 27.62° C and 
31.70° C, respectively. Calculated temperature values for the Leukoma valves were 26.96° C and 32.45° 
C, with a temperature difference of 5.49° C. The difference in temperature calculated for the 
Clinocardium valves was 6.24° C, with a temperature of 27.76° C for the unaltered valve, and 34.00° C 
for the valve heated to 500° C. Heated valves are resulting in temperatures that are between 4° and 7° C 
warmer than the unheated valves. 
4.1.5 Discussion. Table 4.7 summarizes the mineralogy and isotope results of each pair of valves. 
Specimens of aragonitic composition heated to 300° C for one hour started to undergo recrystallization 
 
 
78 
from aragonite into calcite, in varying degrees. I was not expecting to detect recrystallization at this low a 
temperature. Based on the relative intensities of the largest peaks, I found that virtually no 
recrystallization had taken place in the Clinocardium valve, and the most recrystallization occured in the 
Saxidomus valve. This is significant because variation in the transformation temperature for different 
biogenic aragonite taxa has rarely been studied. Recrystallization is often assumed to occur in similar 
conditions for all biogenic aragonite, without regard to the macro- or microstructure of the shell. The fact 
that recrystallization was detected in biogenic aragonite valves at 300° C was also unexpected, but this 
may be due to the duration of heating. A valve heated to 300° C for ten minutes may not start to transform 
into calcite.  
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Table 4.7. Changes in mineralogy among the valves that were heated, and the differences in isotope 
values between heated valves and their unheated control pair. Any isotope value at 0.13 or above 
falls outside precision limits and is considered significant. 
Temp ° C Taxa 
Right Valve 
Mineralogy 
Left Valve 
Mineralogy 
After Heating 
‰ 
Difference 
δ13C VPDB 
‰ 
Difference 
δ18O 
VSMOW 
‰ 
Difference 
δ18O VPDB 
Control Clinocardium Aragonite Aragonite 0.11 0.11 0.11 
 
Leukoma Aragonite Aragonite 0.10 0.14 0.14 
 
Saxidomus Aragonite Aragonite 0.34 0.08 0.07 
 
Ostrea Calcite Calcite 0.15 0.06 0.06 
300 Clinocardium Aragonite Aragonite 0.24 0.12 0.12 
 
Leukoma Aragonite 
Aragonite and 
minor calcite 
0.26 0.03 0.03 
 
Saxidomus Aragonite 
Equal 
aragonite and 
calcite 
0.01 0.00 0.00 
 
Ostrea Calcite Calcite 0.09 0.08 0.08 
400 Clinocardium Aragonite 
Calcite and 
trace 
aragonite 
0.46 0.26 0.25 
 
Leukoma Aragonite 
Calcite and 
minor 
aragonite 
0.13 0.93 0.91 
 
Saxidomus Aragonite 
Calcite and 
trace 
aragonite 
0.19 1.37 1.33 
 
Ostrea Calcite Calcite 0.16 0.07 0.07 
500 Clinocardium Aragonite Calcite 0.28 1.37 1.33 
 
Leukoma Aragonite Calcite 0.08 1.21 1.17 
 
Saxidomus Aragonite Calcite 0.30 0.89 0.86 
 
Ostrea Calcite Calcite 0.00 0.37 0.36 
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Most of the valves heated to 300° C also did not lose a significant amount of heavy isotopes. As δ18O 
values are used to reconstruct paleoenvironments, these are the isotopes that have the largest impact on 
paleoclimate data. If the δ18O has been altered, an accurate reconstruction cannot be obtained. None of the 
valves heated to 300° C had a significant difference in δ18O between the heated and control valves, in 
results reported in both VSMOW and VPDB. Although Leukoma and Saxidomus recrystallized after they 
were heated to 300° C, their oxygen isotope loss was insignificant.  
All of the biogenic aragonite valves heated to 400° C experienced a significant loss in heavy carbon 
and oxygen isotopes compared to the control valves, with the exception of the Clinocardium δ18O result 
reported in VPDB. The difference in δ18O values between valves of this Clinocardium individual was 
0.25‰, which is not far from the 0.26‰. Only very minor amounts of aragonite, if any, remained in these 
samples, based on the relative peak intensities. According to my results, a shell will have to be almost 
completely recrystallized before a significant loss of heavy oxygen isotopes can be detected. There was 
not a significant loss of heavy oxygen or carbon isotopes for the calcite Ostrea control.  
Significant loss of 18O occurred between 300° and 400° C. This may be a lower temperature range 
than archaeologists expect recrystallization to occur in archaeological shells. It is lower than the 450° C 
temperature boundary between geologic aragonite and calcite reported by Wardecki et al. (2008). Shells 
heated to 300° and 400° C also did not undergo any major visible transformations. They did not appear 
black or charred, which is the usual sign that shells have been heated. They did undergo minor visible 
changes; however, these might be attributed to other taphonomic processes that affect the shells in every 
shell midden, rather than alerting archaeologists that they were heated. 
Valves heated to 500° C became black and charred, as I expect heated shells to appear. It is visually 
obvious that these values underwent a transformation. They also underwent significant chemical 
alteration. All three aragonite valves heated to this temperature had completely recrystallized into calcite, 
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with no traces of aragonite left. There was also a significant difference in δ18O values for all recrystallized 
valves. Shells heated to this extent are not suitable for isotope analysis, but considering their visible 
alteration, it is unlikely that any would be chosen for testing. 
Heating had quite a different effect on the δ13C values than it did on the δ18O values. The comparison 
of isotope values between unheated Clinocardium and Ostrea valves showed that there was a significant 
natural variation in δ13C values between valves. The Ostrea especially did not respond in a predictable 
matter to heating. Considering that these values were initially made of calcite, and did not recrystallize, 
the δ13C result for all four pairs of Ostrea valves may be entirely due to a natural difference between these 
asymmetrical valves. All four pairs of Clinocardium valves had a significant difference in δ13C values 
between valves, whether they were unheated or heated. Significant differences in carbon isotope ratios 
between valves could not necessarily be attributed to heating because the results did not follow a 
predictable pattern like they did with the oxygen isotope results. The results of the δ13C analysis of the 
Leukoma valves also did not follow a predictable pattern. Both the control individual and the individual 
with a valve heated to 500° C did not experience a significant difference in carbon isotope ratios, but 
those heated to 300° and 400° C did. Only the analysis of the Saxidomus valves yielded an expected loss 
of heavy carbon with recrystallization. Valves heated to 400° and 500° C had a significant difference in 
δ13C values. It is possible that as the organism grows it does not incorporate an identical ratio of δ13C 
values in each adjacent ring in the two valves.  
In summary, the effects of heating on the δ18O values are consistent among the taxa. There is not a 
significant difference between valves of Clinocardium until the valves were heated to 400°C. For the 
Leukoma and Saxidomus these there is a significant change in stable oxygen isotopes occurred after the 
valves were heated to 300°C. Even the Ostrea valves followed this pattern of having no significant 
difference in δ18O values between valves, until they were heated, after which the changes remained 
significant (Figure 4.17).  
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Figure 4.17. Results of oxygen isotope testing in VSMOW. The results are identical for VPDB. 
 
The comparison of the δ13C values between valves did not follow a predictable pattern with heating. 
For the Clinocardium, Leukoma, and Ostrea, there is a significant difference in δ13C values initially 
between the two unheated control valves. For all three of these taxa, as the valves are heated, the δ13C 
values do not behave predictably. The Leukoma and Ostrea valves heated to 400°C actually show an 
insignificant difference between carbon isotopes between valves. The only taxon that follows a pattern 
similar to the comparison of δ18O values is the Saxidomus, where significant differences between δ13C 
values are evident after heating to 400°C (Figure 4.18). The carbon content in an organism’s shell is 
affected by metabolic carbon ingested over the organism’s lifespan. The metabolic carbon contains lower 
δ13C values, which would then increase the amount of 12C in the shell relative to the dissolved inorganic 
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carbon in the water from which the organism also draws its shell building material (Wanamaker et al. 
2008). This metabolic carbon may have an impact on how the carbon behaves when it is heated. There 
may be less heavy carbon isotopes to observe changes to than heavy oxygen isotopes in these shells. How 
the metabolic carbon incorporated into the two valves of an individual vary from one another remains to 
be explored.  
 
Figure 4.18. Results of carbon isotope analysis. 
 
All of the valves that were heated lost a similar amount of mass, relative to their initial masses. 
Considering that lime was not detected in any of the XRD patterns, it is unlikely this loss of mass can be 
attributed to CO2 gas. Some of the mass lost might have been due to other volatiles escaping during 
heating, like H2O, and the breakdown and dissipation of the organic matrix.  
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In my experiment I did not test more than one sample for any given condition or taxa. In order to 
better understand the natural variation of isotopes between values it would be necessary to conduct more 
tests on unaltered valves of each taxon. It is also possible that each of my samples was not a homogenous 
representative of the entire specimen. The sample of powdered shell I tested may have come mainly from 
one part of the shell, rather than from the entire shell. There is the chance that my samples were not 
homogenous, and because I did not test more than one sample from each valve, I am unsure of the degree 
the isotope results may have varied due to my sampling technique. In future research it would be useful to 
test multiple samples of one valve to ensure that samples are homogenous. It would also be useful to 
analyze these taxa in finer temperature increments in order to better understand the relationships between 
micro- and macrostructure, and recrystallization for each taxon. I noticed a difference in recrystallization 
rates between taxa with 100° C temperature increments. In order to understand at which temperature 
exactly each shell starts and finishes recrystallizing, the temperature increments would have to be smaller 
than 100° C. It might also be informative to reduce the length of time each specimen is heated, as one 
hour is also a large time increment.  
 
4.2 Results and Discussion of the Analysis of Archaeological Shells from the Tse-Whit-Zen Village Site 
(45CA523) 
 
In addition to the experimental exploration of the relationships between mineralogy and heavy isotope 
depletion, I also conducted mineralogy testing and chemical analysis on archaeological shell fragments 
from the Tse-Whit-Zen Village Site (45CA523). I selected seven fragments of Leukoma from the ¼” size 
fraction from the same areas that whole Leukoma and Saxidomus valves were selected for carbon and 
oxygen isotope analysis as part of a larger project. I wanted to analyze the relationship between 
mineralogy of the shell and the appearance of additional material accreted to the surface of the shell. I 
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first conducted the chemical analysis, as the mineralogical testing with X-ray Diffraction is a destructive 
process.  
4.2.1 Results of the SEM/EDX and XRD Analyses of Tse-Whit-Zen Shells. Archaeological shells are 
different from the modern specimens on which I conducted my experiment. Over time, invertebrate shells 
are subjected to taphonomic processes that can change their appearance, and their chemical and 
mechanical properties. Once the shells are deposited, they can be crushed by the weight of other material 
added to the midden. They can also start to dissolve as rainwater percolates down through the porous 
midden, or as the water table rises and falls. Once they are deposited on the ground, they become part of 
the soil, and can experience the effects of eluviation and illuviation, which can change the color and 
chemical properties of the shell. These processes cannot be controlled for, as they can for modern marine 
invertebrate specimens that have experienced little if any post-depositional processes. I conducted 
analyses with both Scanning Electron Microscopy with Energy Dispersive X-ray analysis (SEM/EDX), 
and X-ray Diffraction (XRD) in order to understand the kinds of chemical alteration these seven Leukoma 
specimens from the Tse-Whit-Zen Village Site have undergone, including possible heating. 
I conducted SEM/EDX analysis on fragments of modern Leukoma shell from Samish Island, and 
found that they were mainly composed of carbon, oxygen, and calcium, with some minor amounts of 
silicon and aluminum, both of which make up sediment particles. Carbon, oxygen, and calcium were 
detected in all of the archaeological specimens of Leukoma. The only elements detected in three samples 
from two modern shells were O and Ca. Lighter elements are not always detected, and in this case, were 
not detected at all. Carbon was, however, found in the SEM/EDX analysis of the archaeological Leukoma 
specimens from the Tse-Whit-Zen Village Site (45CA523). Other unexpected elements were also 
detected in varying abundances in most of the samples taken from the seven shell specimens (Table 4.7). 
The most common element that appeared in the results of six of the seven specimens was aluminum (Al). 
It was found in all of the specimens except the one from WS-3884.99.04.10. This was the only specimen 
where only C, O, and Ca were detected. Silicon and phosphorus was also rather abundant in the 
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specimens. Silicon was found in four of the seven specimens, and phosphorus in five. Sodium (Na) was 
found in three specimens. The least abundantly found elements are beryllium (Be), on three specimens, 
and manganese (Mn), and iron (Fe) found each on one specimen. Manganese occurred in one specimen 
and Fe in another.  
Typically, the unexpected elements occurred in very small amounts. Extraneous elements (those other 
than C, Ca, and O that make up the calcium carbonate shell) made up less than seven percent of the 
weight of every sample I analyzed. The exception to this was the samples in which Be accounted for a 
significant percentage of the weight, ranging from 38% to almost 78% of the sample. I found Be in four 
analyses of two different specimens. In WS-8456.99.04.10, Be occurred in all three analyses. The first 
time I found it, I omitted it from my elemental abundance calculation because I thought I was detecting 
contamination from the SEM.  When it occurred in the two other analyses of that specimen, I included it 
in the calculation because it was clearly part of the specimen. In the second and third analyses of this 
specimen it occupied 77.63% and 63.90% of the total elemental abundances. This specimen was visibly 
different from the others, as the whole shell was a dark shade of gray. Beryllium was also detected in an 
elemental abundance of 38.19% of the second analysis of WS-5618.99.04.10. In each sample where Be 
was found, the Ca was relatively depleted.  
 The analysis of the seven shell fragments with X-ray Diffraction revealed varying mineralogy. 
Four specimens, WS-2639.99.04.10, WS-9540.99.04.10, WS-5618.99.04.10, and WS-15725.99.04.10 
were all composed entirely of aragonite. Specimens WS-853.99.04.10 and WS-3884.99.04.10 were 
mostly aragonite with some detectable calcite. In the specimen from WS-8453.99.04.10, calcite was the 
only detectable mineral (Figure 4.19),(Table 4.8). 
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Figure 4.19. The results of XRD on archaeological Leukoma fragments from the Tse-Whit-Zen 
Village Site (45CA523). In four specimens only aragonite was detected. In two specimens mostly 
aragonite and some calcite were detected, and in the remaining specimen, only calcite was found. 
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Table 4.8 aResults of SEM/EDX on modern Leukoma fragments from Samish Island and archaeological Leukoma specimens from the 
Tse-Whit-Zen Site (45CA523). The cell marked ‘x’ is where I found Be, recalculated the elemental weight percentages without it. 
  
Elemental Abundance by Weight Percent of Modern Leukoma Shells 
Specimen Number Sample Be C O Na Al Si P Ca Mn Fe 
Specimen 1 1 
  
40.03 
 
0.42 1.56 
 
57.98 
   2   40.73  0.56 1.55  57.16   
 
3 
  
39.85 
 
0.61 2.37 
 
57.17 
  Specimen 2 1 
  
40.70 
 
0.34 0.38 
 
58.58 
   2   40.55  0.29 0.47  58.69   
 3   41.14  0.51 0.91  57.44   
            
  
Elemental Abundance by Weight Percent of shells from Tse-Whit-Zen Site (45CA523) 
Catalog Number Sample Be C O Na Al Si P Ca Mn Fe 
WS-2639.99.04.10 1 
 
14.66 48.78 
    
36.57 
  
 
2 
 
15.20 48.52 
 
0.52 
 
0.42 35.34 
  WS-8456.99.04.10 1 x 26.40 57.16 
 
0.97 1.23 0.67 13.56 
  
 
2 77.63 13.67 6.60 
 
0.08 0.07 
 
1.94 
  
 
3 63.90 17.50 13.12 
 
0.19 0.49 
 
4.58 
  WS-9540.99.04.10 1 
 
17.75 42.13 
 
1.00 1.60 2.17 29.34 
 
6.00 
 
2 
 
17.12 45.46 
 
0.67 0.96 0.98 32.82 
 
1.68 
 
3 
 
19.02 42.78 
 
0.97 1.38 1.62 29.86 
 
4.37 
WS-15725.99.04.10 1 
 
15.35 51.92 0.39 0.94 0.62 0.81 28.88 1.08 
 
 
2 
 
16.36 52.64 0.32 0.77 0.27 0.63 27.61 1.41 
 WS-853.99.04.10 1 
 
12.66 44.08 0.38 0.33 
 
1.33 41.21 
  
 
2 
 
12.04 47.38 0.47 0.36 
 
0.44 39.31 
  
 
3 
 
14.58 47.00 0.60 0.46 
 
3.02 34.34 
  WS-3884.99.04.10 1 
 
13.52 48.23 
    
38.25 
  
 
2 
 
11.40 42.87 
    
45.72 
  WS-5618.99.04.10 1 
 
19.49 54.62 0.54 0.51 0.55 
 
24.29 
  
 
2 38.19 21.80 27.13 0.24 0.20 0.20 
 
12.24 
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4.2.2 Discussion of Archaeological Shell Analysis. It is not surprising that aluminum (Al), sodium 
(Na), Manganese (Mn), iron (Fe), silicon (Si), and phosphorus (P) were found on the archaeological shell 
fragments from the Tse-Whit-Zen Village Site (45CA523). Once the shells are deposited into the midden, 
they are subjected to natural taphonomic processes. The presence of P in an archaeological site is also 
expected, because it is an indication of human occupation. Phosphorus in archaeological sites comes from 
the organic material processed and discarded, such as bone, meat, plants, human burials, and ash. Once it 
is in the soil, phosphorus can bond with Fe, Al, and Ca ions (Holliday and Gartner 2007).  
There are no distinct soil horizons at the Tse-Whit-Zen Village Site. However, the presence of Fe, Al, 
Si, and any clay particles could be an indication that illuviation is taking place. An orange colored 
material coats the fragment from WS-9540.99.04.10. The other shell fragments, with the exception of 
WS-8456.99.04.10, are also mottled with an orange material. Based on the SEM/EDX analysis, these 
fragments contain Fe, Si, Al, and Si. The orange colored spots could be the result of illuvial material 
coating the shells after they were deposited (Schaetzl and Anderson 2005). The presence of beryllium in 
some of the shells could be the results of historical coal burning at the mill. 
There is no evidence of a connection between the extraneous elements coating the shell and its 
mineralogy. This means the presence of an orange coating on the shell may not be indicative of heating, 
even the specimens that were found to be entirely aragonite contained elements other than those of the 
CaCO3 shell, including P, Al, Si, Fe, Na, and Mn. One specimen that was barely coated from WS-
3884.99.04.10 was made up of aragonite and a minor amount of calcite.  
 The presence of calcite in archaeological shells assumed to be made up entirely of aragonite is a 
problem for archaeologists reconstructing paleoenvironments. As I demonstrated in the experimental part 
of my thesis, recrystallization of aragonite to calcite can significantly impact the ratios of oxygen isotopes 
that are relied on for paleoclimate information. Although I found that some recrystallization of aragonite 
into calcite may not significantly reduce the proportion of 18O relative to 16O, it is likely not possible to 
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know to what temperatures archaeological shells have been heated, and therefore the presence of any 
calcite at all is an indication that an archaeological shell is not suitable for isotope analysis and 
paleoenvironmental reconstruction.  
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Chapter 5: Conclusion 
 
 
In controlled experiments I found that biogenic aragonite can exchange a significant amount of its 
heavy oxygen and carbon isotopes when heated, without appearing charred, or blackened. Two of the 
three modern biogenic aragonite specimens that I heated began recrystallizing at 300˚C, after an hour of 
heating. All three biogenic aragonite specimens heated to 400˚ had almost completely recrystallized into 
calcite. These temperatures are lower than what some researchers may expect, considering that geologic 
aragonite starts recrystallizing at 450° C. The modern specimens heated to 400˚C did turn a grayish color 
after they were heated. The isotope integrity was compromised after valves were heated to 400° C. 
Although two of the taxa started to recrystallize after being heated to 300° C, they did not experience a 
significant loss of their heavy carbon and oxygen isotopes. All three biogenic aragonite specimens of 
Clinocardium, Saxidomus, and Leukoma were almost completely recrystallized after they were heated to 
400° C, and they had significantly different δ18O values relative to their unaltered valve pairs. The results 
of the carbon analysis showed that the initial carbon isotope ratios between unheated valves differed too 
much to find any consistent changes with temperature between the taxa.  
I also found that each taxon recrystallizes at different temperatures. Among the three taxa 
composed of biogenic aragonite that I tested, the Clinocardium requires a higher temperature to start the 
transformation process than the Leukoma and the Saxidomus. The Clinocardium also recrystallizes faster. 
The Clinocardium valve heated to 300° C did not show signs of recrystallization, like the Leukoma and 
Saxidomus did. However, the valve heated to 400˚C had recrystallized about as much as the Leukoma and 
Saxidomus had at the same temperature. This may be due to differences in macro- and microstructure 
 
 
92 
between the taxa, which is an indication that the temperature at which biogenic aragonite starts to 
recrystallize is dependent on factors other than mineralogy and organic inclusions in the crystal lattice. 
In my experiment I heated valves in a furnace where the shells were heated to the same 
temperature throughout. In the types of heating that occur in during cooking, such as when they shells are 
roasted on coals, the shell may not be heated homogenously. There may be parts of it that are 
recrystallized, and parts that are not. It would be difficult to test for this without analyzing different parts 
of the shell separately. 
After conducting X-ray Diffraction on fragments of archaeological Leukoma from the Tse-Whit-
Zen Village Site (45CA523), I found that three of the seven specimens analyzed had calcite in them. 
Interestingly, these were not necessarily the shells with orange coating on them, which we initially 
thought might be from burning. Most of them were entirely aragonite. All of the fragments with calcite 
come from the same proveniences as whole Leukoma and Saxidomus valves selected for isotope analysis 
as part of the larger project. The mineralogy of these valves is not being analyzed. The presence of calcite 
in some of the archaeological shell fragments is significant because it is an indication that some shells 
from these same deposits were heated, so there is a chance shells undergoing isotope analysis may also 
have been heated. It is unlikely archaeologists would select shells for isotope testing that are obviously 
burnt or charred, or fragmented, however, it could be very difficult to distinguish archaeological shell that 
has been heated to lower temperatures from unheated shell. When the carbon and oxygen isotopes are 
analyzed using a microsampling method to examine individual growth rings, the results should show an 
oscillating curve indicating the seasonal change in isotope ratios. When this testing is done, and an 
oscillating curve is found, it may be assumed that the isotopes of the shell have not been altered. I think it 
would be difficult to conclude that an oscillating pattern indicates that the isotopes have not been altered. 
The pattern of seasonal change will not be represented by a perfectly oscillating sine- or cosine-like line. 
The curves of the isotope results may have different frequencies and wavelengths caused by yearly or 
decadal variation in seasonal sea-surface temperature changes. Because the actual paleotemperatures and 
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isotope ratios of ancient sea surfaces cannot be measured, there is nothing to compare the results of the 
ancient proxies to. Just because an isotope ratio result looks similar to what would be expected, there is no 
way to confirm that the isotope values have not been altered without taking into account the processes 
that the shell has undergone.  
Archaeological shells that have been heated to at least 400° C will yield inaccurately paleoclimate 
data. As I found by calculating the error in temperature with heated shells, temperatures can be off by as 
much as 7° C. In order to reconstruct the paleoenvironment as accurately as possible, archaeologists will 
have to be sure that any biogenic aragonite valves they select for oxygen isotope ratio analysis contain no 
traces of calcite. A mineralogical analysis of archaeological shells that are known to be composed of 
aragonite should be part of the process for selecting specimens for isotope analysis for 
paleoenvironmental reconstruction. This may be difficult considering that for some isotopic 
investigations, the invertebrate valve must be mostly whole, with an intact strip from the umbo to the 
ventral margin. Mineralogy testing, like x-ray diffraction analysis, could be conducted on the anterior or 
posterior parts of the shell. These parts could be sawed off of the shell, so that the rest of it stays intact. It 
is possible that a corner of the shell would not provide an entirely representative mineralogy for the whole 
shell if it was exposed to heat differentially, but the presence of calcite in any part of the shell would 
indicate that it was not a suitable specimen for isotope testing.  
Recrystallization is not just a function of temperature, but also of time. If I had heated each of my 
specimens to 300˚, 400˚, and 500˚C for 10 or 30 minutes, I likely would not obtain the same results as I 
did heating specimens for one hour. I chose to heat my specimens for one hour because Andrus and 
Crowe (2002) heated their otoliths for one hour or more, and I wanted to be able to compare my results to 
theirs. Their biogenic aragonite fish otoliths did not recrystallize after one hour of boiling at 150˚ and 
200˚C. Two of my biogenic aragonite specimens (Saxidomus and Leukoma) started to recrystallize at 
300˚C after one hour. The temperature at which some biogenic aragonite recrystallizes might fall between 
200˚ and 300˚, although as I have discovered, the otoliths may not be a good proxy for the result of 
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recrystallization of all biogenic aragonite, as microstructure is also a factor.  More research would have to 
be done to understand more about the recrystallization temperature for each the shells biogenic aragonite 
taxa, including using finer temperature increments. Finer temperature increments may also be helpful for 
understanding more about the relationship between microstructures and recrystallization temperatures.  
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Appendix 1:  
 
X-Ray Diffraction of Modern Shell Specimens
 
 
   
1
0
5
 
 
LAR-CLIN-01R CONTROL 
 
 
   
1
0
6
 
 
LAR-CLIN-02R CONTROL 
 
 
 
   
1
0
7
 
 
LAR-CLIN-03R CONTROL 
 
 
 
   
1
0
8
 
 
LAR-CLIN-04R CONTROL 
 
 
 
   
1
0
9
 
 
LAR-CLIN-01L CONTROL 
 
 
 
   
1
1
0
 
 
 
LAR-CLIN-02L 300 
 
 
   
1
1
1
 
 
LAR-CLIN-03L 400 
 
 
 
   
1
1
2
 
 
 
LAR-CLIN-04L 500 
 
 
 
   
1
1
3
 
 
LAR-SAXI-01R CONTROL 
 
 
 
   
1
1
4
 
 
LAR-SAXI-02R CONTROL 
 
 
 
   
1
1
5
 
 
LAR-SAXI-03R CONTROL 
 
 
 
   
1
1
6
 
 
LAR-SAXI-04R CONTROL 
 
 
 
   
1
1
7
 
 
LAR-SAXI-01L CONTROL 
 
 
 
   
1
1
8
 
 
LAR-SAXI-02L 300 
 
 
 
   
1
1
9
 
 
LAR-SAXI-03L 400 
 
 
 
   
1
2
0
 
 
LAR-SAXI-04L 500 
 
 
 
   
1
2
1
 
 
LAR-LEUK-01R CONTROL 
 
 
 
   
1
2
2
 
 
LAR-LEUK-02R CONTROL 
 
 
 
   
1
2
3
 
 
LAR-LEUK-03R CONTROL 
 
 
 
   
1
2
4
 
 
LAR-LEUK-04R CONTROL 
 
 
 
   
1
2
5
 
 
LAR-LEUK-01L CONTROL 
 
 
 
   
1
2
6
 
 
LAR-LEUK-02L 300 
 
 
 
   
1
2
7
 
 
LAR-LEUK-03L 400 
 
 
 
   
1
2
8
 
 
LAR-LEUK-04L 500 
 
 
 
   
1
2
9
 
 
LAR-OSTR-01R CONTROL 
 
 
 
   
1
3
0
 
 
LAR-OSTR-02R CONTROL 
 
 
 
   
1
3
1
 
 
LAR-OSTR-03R CONTROL 
 
 
 
   
1
3
2
 
 
LAR-OSTR-04R CONTROL 
 
 
 
 
   
1
3
3
 
 
LAR-OSTR-01L CONTROL 
 
 
 
   
1
3
4
 
 
LAR-OSTR-02L 300 
 
 
 
   
1
3
5
 
 
LAR-OSTR-03L 400 
 
 
   
1
3
6
 
 
LAR-OSTR-04L 500 
 
 
 
137 
 
 
 
 
 
APPENDIX 2:  
 
Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy  
Data of Modern Leukoma Shell Fragments from Samish Island 
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APPENDIX 3:  
 
Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy Data of 
Archaeological Shell from the Tse-Whit-Zen Village Site (45CA523) 
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APPENDIX 4:  
 
X-Ray Diffraction of Archaeological Shell 
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